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CHAPTER 1
INTRODUCTION

Transmission of infrared radiation through the atmosphere is
adversely affected by turbulence, scattering by aerosols, and mole-
cular absorption. This study is restricted to certain aspects of
the last problem.

An investigation of a low resolution solar spectrum from 1
to 15 um, such as that shown in Fig. 1[1], reveals that there are
certain regions of the spectrum where there is relatively little
absorption by atmospheric gases. One of these regions from 3.5 to

4.0 microns corresponds to the wavelength range of the deuterium fluor-

ide (DF) laser. This correspondence of DF laser wavelengths with
an atmospheric window, along with the high power capability of this

laser makes it very attractive for certain applications such as com-

munications or laser radar.

Although the molecular absorption in the DF laser region is
small, it does vary rapidly with frequency. This may be seen more
clearly in the medium resolution spectrum obtained by Streete[2]
over a 24.9 km sea-level path (Fig. 2). Straight lines correspond-
ing to selected DF laser lines have been superimposed on the spec-
trum in Fig. 2.

In order for intelligent decisions to be made regarding the
use of DF lasers in systems involving transmission of radiation
through the atmosphere, a precise knowledge of the atmospheric
transmittance at the laser frequencies is required. As may be seen
in Fig. 2 this precise knowledge is very difficult to obtain using

conventional spectroscopy techniques since the laser lines frequent-

1y occur at frequencies where the transmittance is changing very
rapidly with frequency. Even the highest resolution conventional
spectrometers tend to smooth this rapid variation because of their
finite resolution. Thus, if precise knowledge of the atmospheric
transmittance at a laser frequency is needed, it it necessary to
measure it directly using the laser as the source. This is the
approach taken in this study.

It can be seen from Fig. 1 that there are contributions to
molecular absorption in the DF laser region from HDO, methane,
nitrous oxide, and carbon dioxide. In addition there is a contri-
bution from water continuum absorption presumably caused by
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the wings of the strong water vapor bands at 2.6 and 6.3 microns,
and a small pressure-induced nitrogen continuum.

The purpose of this study was to measure accurately the ab-
sorption of selected DF laser 1lines by HDO, CH4, N20, CO2 and the
water continuum.

The absorption was measured for each constituent separately
using a long path laboratory absorption cell and a small, pulsed,
single-frequency laser. DF laser lines selected for study were
the 2-1 P(6), P(7), P(8), P(10), and P(11) 1ines and the 3-2 P(6),
P(7), and P(8) lines. These lines are reported to be relatively
intense in high-power lasers. Ideally one would wish to study the
absorption on all lines. However, the lasers used in this study
were capable of operation on about 30 lines, and it would have been
prohibitively costly in terms of time and money to measure the ab-
sorption on all Tines.

McClatchey, et al.[3 ] have compiled line data on the mole-
cular absorption for the most important absorbers in the infrared
region, and have made these data available to other workers on mag-
netic tape. The data are based on conventional spectra from many
different sources. Using this tape it is possible to compute the
atmospheric absorption at desired frequencies. The accuracy of
such a computation is of course limited by the accuracy of the data
on which it is based. However, even if the computation is off by a
factor of two or more it is still very useful as an aid in planning
the necessary absorber concentration and path required to make
accurate measurements of the absorption at the laser frequencies of
interest. This was the approach taken in this study.

In Chapter II the theoretical basis of molecular absorption
calculations is discussed, computer programs which calculate the
absorption are described and calculations are presented for the
DF laser lines. Also discus ad in Chapter II are measurements made
by Burch [4] of the water vapor and nitrogen continua using a
conventional spectrometer and a long path absorption cell.

In Chapter III the experimental equipment used to make the
absorption measurements is described.

In Chapter IV the absorption measurements are described and
the results are discussed and compared with the experimental results
of other workers and with the computer predictions. Also described
is a laser spectroscopy technique which can be used to measure the
frequency separation of an absorption line and a nearly coincident
laser line.
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CHAPTER 11
MOLECULAR ABSORPTION CALCULATIONS
For many applications it is useful to compute both single

frequency absorption and abscrption spectra, for various situations
of interest, from spectral data. The most complete set of standard

spectral data currently available is the AFCRL Line Compitation[3].

This compilation Tists data for over 100,000 absorption 1ines from
0,307 cm~1 to 15,000 cm~!, and is available on magnetic tape, 1In
this chapter the theoretical background for the absorption calcu-
Tations will be presented, two computer programs which have been
written to compute fixed frequency absorption and absorption spec-
tra will be discussed, and results of calculations made for the

DF laser region of the spectrum will be presented.

A. Theoretical Background

Assuming the photon density is low enough that nonlinear ex-
tinction processes do not occur, the change in intensity dI  of a
parallel beam of electromagnetic radiation at frequency v t¥avers-
ing an infinitesimal path de is given by Lambert's Taw

(1) dIv = - k(v)Iv da

where da is the amount of absorber in a volume of unit cross-

sectional area and length de. The factor k(v) is called the ab-
sorption coefficient.

The transmittance T_ through an absorber amount a is found
by integrating Eq. (1). "

Here I ~is the intensity of the beam after passing through the

absorb¥r and I1° is the intensity of the beam before it enters the
absorber. v
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The absorber amount a and absorption cuefficient k(v) may in
general be expressed in any convenient units. The requirement is
that the product k(v)a be dimensionless. In making calculations
using the AFCRL Line Compilation it is convenient to express the
absorber amount a in mol :m=¢. The absorption coefficient is there-
fore in (mol-cm™¢}=1. In the experimental work presented later it
is conveni~nt to characterize the absorber amount by the length of
the path cuntaining the absorber. The absorber aTount is then
given in km and the absorption coefficient in km™'. A more com-
plete discussion of the units and conversion factors between various

units is given in Appendix A.

The absorption of electromagnetic radiation by an absorbing
medium is caused by the interaction of the electromagretic fields
with the energy states of the absorber. The energy ¢f a molecule
consists of its electronic, vibrational, and rotational energies
and the interaction energies between these three energy modes.
Energy levels are quantized so that the molecule can have only certain
allowed values of energy. The absorption of one photon of electro-
magnetic radiation then involves a change of energy nf one molecule
from one energy state to a higher energy state,igroring Raman and
multiphoton processes. The difference in the energy states must
be equal to the energy of the photon h-». In addition for a given |
type 6f molecule only transitions between certain energy states I
are allowed, and therefore only photons having energy equal to the
difference in energy betweei those states will be absorbed. Thus,
for a given absorber type, electromagnetic radiation will be ab-
sorbed at only ihose frecuencies where the photon energy is equal
to the energy differenc. of an allowed transition. The above dis-
cussion applies equallv well to emission of radiation.

Allowed electronic energy states are normally widely separated, ;
and the absorption or emission of radiation due to changes in !
electronic energy usually occurs in the visible or ultra-violet

portion of the spectrum. Absorption or emission in tiie infrared

portion of the spectrum of interest in this study is caused by

changes in both the vibrational and rotational energies of the mole-

cule while the electronic energy remains unchanged. Changes in

rotational energy only result in emission or absorption in the far-

infrared to microwave region of the spectrum.

Transitions occur from a higher energy state u to a Tower
energy state 2 at a rate

(3) W, = (B o(v) +A,) sec”!

where Bu is the Einstein coefficient for stimulated emission, :
p(v) is fhe radiation density per unit frequency interval, and Auz '
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is the Einstein coefficient for spontaneous emission. The transi-
tion rate from lower level to upper level is given by

- -1
(4) Wou = Bzu p(v) sec

where By, is the Einstein coefficient for absorptior. In consider-
ing Planck's radiation law Einstein showad

g

-5
(5) B = By 9,

where g and g

are the degeneracies of the upper and lower states
respectqvely, gn

87 hv3 -1
(6) Auz = —;j——- Buz sec

The transition rates may now be written in terms of Auz

3
= o(v) ¢ -1
(7) wul (B_T;,L\,T + ]) Aul sec

‘ 3

8 W, = ;
(8) woog, 81 hv3 us 1
F
The transition rates are related to the transition moment by 3

43
641 v > 2 -1 )
(9) Aug = —§hg Imuzl BeC !

where M is the electric dipole transition moment <E!-. |ﬁ|E2>. It
is nece¥éary to know |EY> and |E%> to calculate |m,q|. Sihce the
states have a finite lifetime, the uncertainty pr1nc1p1e says it

is not possible to know the energy of the energy levels pre-
cisely. In addition, for a system of colliding molecules, the
collision interaction enargy must be included for the who]e system.
This is a many body prob]em which cannot be solved. The effect of ;
these considerations is that the energy levels are smeared and -

F-8




there is a finite transition probability for interaction with the
radiation field over a range of frequencies. 9

This effect is taken into account by introducing a frequency
dependent transition probability. The transition rates may then
be written.

i * 3 i
- (10) W, = [ Eb’—l% 1) A, 9lv-v,) dv |
; 4 o 8T\' h\) I
- |
;

F and !
{
] .
g (11) W = J“ gg' ELBIEE- A g(v-v_ ) dv ;
3 W, 9 gopS WP c ;
E !
é | where |
' i
5 Ep = &y
0 h @

and g(v-vo) is a normalized shape factor.

If g(v-vo) is small except for a narrow range of frequencies 1
near v_, and
0
plv)
3
\Y
is essentially constant over this range, then the transition rates g
are
‘ : p(Vo)C3 ;
(12) wul s —=u Aul ,
8rhv
0 !
j
1 and E
| :
(13) W, = o Q(v°)c3 A f
u 9, 8rhw 3 ut 3
0 @
|

——— o
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where the spontaneous emission term in W has been ignored (since its
contribution to a collimated beam would b negligible) and

18 [ gl dv =

When p(v) is monochromatic,

(15) p(v') =p_ 8 (v=v')

F ! and Eqs. (11) and (10) become

? k g o] C3
2 (16) W =_u ©° A g(v-v )
: W9 gy hoS U 0
and !
! 1 o C3
A7) Wy = g Ay 9lvmyg)
87 hv

respectively.

The number of molecules per unit absorber in the upper energy
level is related to the number of molecules per unit absorber in
the lower energy level by the Boltzmann distribution

U R 0

g, . {(E-E) 9, "I

N =, N —y— kT =] __li K . 1

(18) u L9, € Nl 9, € :

A monochromatic beam passing through an infinitesimal amount of
absorber da will have an intensity change

1 (19) dIv = (Nu Nuz - N2 Nzu) hv da
i or, from Eqs. (13) and (18)
{ (20) dIv = |e S N, W, hv da

— - e




B i i g e L W
3
o 3
¢

Lo B

T

TR

From Eqs. (1) and (20)
2N
_ . kT _
(21) dIv = - k(‘))Iv da e 1 NIL wJLu hv da

Equaticn (21) may be solved for the absorption coefficient
hv
9

(22) k(v) =|1 - e kT AU

Using I =c o and wlu from Eq. (16)

. 2 hv
g c - ——
u us kT
— 1-e g(v-v_)
29, 8n \)2 9

(23) k(v) =N

The 1ine strength S is defined as the integral over all v of k(v)dv

A 2 h'lul
00 g C -
_ % A W
(24) s = J_wk(v)d L } e

o g(v-v_)
X I_w —20 dv

\Y

Again assuming g(v-v_) is small except for a narrow range of fre-
quencies about vg, tRe integral in Eq, (24) becomes

(25) 5 dv - —7
v v

Im g(v-v,) 1

The 1ine strength is then

0
9, A ¢ -
(26) s=N L M 1-¢ K b
99 8n v
0
10
L rargre—arvmr ooy ..-~v,ﬂ..".".m‘aéu; T ..A-or‘;:,-ﬁtq';_' f\{’:ﬁ-jﬁm‘ e
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and the extinction coefficient is simply
(27)  k(v) = S glv-y )

If vibration-rotation interaction is neglected, N, is related
to the total number of molecules of absorber by the rot&tional and
vibrational partition functions QR and Qv. The relationship of N2
} to Ny is given by

* I
(28) N o= T a1 & !

The 1ine strength then becomes

A c2 _Tg- _E__.
T ug 1 k kT

(29) S -e e

T — g ——
i QV QR u 8n v02

The line strength per molecule per square centimeter S° at
standard temperature T, is found by evaluating Eq. (29) at tempera-
ture T, and dividing by the number density NT'

gu Aul c? - E}. - .E_Z— 3
0
The line strength at any other temperature is then l
hv
L 0
] o _E_ T-T} ( = '—“') i
: e W R k(ﬁ*‘ 1 -e KT
(31) S$=S Q—T_ e 0 _—T .
i V "R ) i
E R i
The AFCRL 1ine compilatic | 3] gives for each Tine the line

strength at 296°K, Equation (3!) is 'sed to correct the line
strength for use in making calcuiations at other temperatures. ;

P N—

The vibrational partition function QV can be determined as
follows.

1N

i — “




For the Maxwell-Boltzmann distribution, the number of mole-
cules in a vibrational state v, Nv’ is prooortional to the Boltz-
mann factor

;. ‘ 'Ev/kT
: [ e
E For the vibrational states the term values G(v) are given by[5]
: {
- (32) Gy ® B) =B (5 )
y. { e 2 e’e 2 CFURORD
| where
Ev -1
(33) G(v) = e om
‘ Now let

Go(v) = G(v) - G(0) » wg V |

assuming that the simple harmonic oscillator function approximation
is adequate. Then

} - 6. (v) he/kT
(34) N, =C 0

where C1 is a constant of proportionality. Again assuming the
validity of the simple harmonic oscillator approximation

(35) Ng = € |
- Go(1) he/kT %
(36) N, =C, e |
11
’ - 6,(2) he/kT
' (37) N2 = C1 e
|
etc. i
From Eq. (34) i
|
12
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" v
(38) € = —gv) heskT
%

B Do e

The total number of molecules is just the sum of the molecules in
each state Nv‘

-6_(1) hc/kT  -G_(2) hc/kT
(39) N=C |1+e 0 +e O s

e T

R CIT L BT

Sibstituting C, from Eq. (38) gives

| Nv -GO(1) he/kT -GO(Z) hc/kT
| 0
= e b ]

Solving for Nv

-G, (v) hc/kT
(41) o= € 2)
“Go (1) hc/KT
v P i Gb c

-6,(2) hc/KT ] d
+ e e A

or defining the denominator as QV

-qo(v) hc/kT
e

(42) Nv =

OIZ

v

Assuming the harmonic oscillator approximation

L o ¥ hc/kT b, e-2w hc/kT o]

(43) Q

2 E (&7 hc/kT)n
n=0

1
o0 FO/KT

13
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Now whc is approximately the difference between the vibrational
energy levels of the absorbing transition, and since the difference
in rotational energy levels is small it is also approximately the
energy of the absorbed photon. Therefore

1
(44) Q # “hv 7KT
Tl-fgn®

McClatchey, et al[3] have given a table of Qv for the various
molecules whose absorption lines are listed in the AFCRL Line Com-
pilation which is repeated here as Table 1.

TABLE 1
VIBRATIONAL PARTITION FUNCTION VALUES FROM McCLATCHEY[3]

Temperature °K
Molecule 175 200 225 250 275 296 325

H20 1.000 1.000 1.000 1.000 1.000 1.000 1.001
CO2 1.0095 1.0192 1.0327 1.0502 1.0719 1.0931 1.1269
O3 1.004 1.007 1.013 1.022 1.033 1.046 1.066
N20 1.017 1.030 1.048 1.072 1.100 1.127 1.170
co 1.000 1.000 1.000 1.000 1.000 1.000 1.000
CH4 1.000 1.000 1.001 1.002 1.004 1.007 1.011
02 1.000 1.000 1.000 1.000 1.000 1.000 1.001

From Table 1 it appears that Q, may be ignored for Hp0, CO,
and CHg. For the other molecules it appears that Eq. (44) "is not
a very good approximation. The table indicates no dependence on
frequency although the above discussion indicates that there is a
definite frequency dependence. Therefore it would seep that cal-
culations made at frequencies lower tnan about 800 cm™' would have
reduced accuracy.

The rotational partition function QR is defined by

-ER(J)/kT
9, €

-3 8

(45) Q=

J=0

The degeneracy g, is different for different types of molecules.
For a 1inear mol¥cule (N20, CO2, CO) Herzberg[5] gives as an
approximation

14
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1 _ kT
E (46) QR(T) * 7B
E 1
f‘ ! so that
3 Q,° 1.0
2 ®
=
? j For asymmetric top molecules (H 0, 03) Herzberg[5] gives as an
| approximation
=
| 3
' = |m_ (KL
’ (48) Q = \IABC (hc)
L so that
:
' .5
_&_ Io
; T )
For spherical top molecules (CH4) Herzberg[5] gives
l  —
(00 oo (M)
R B3 hc
So that
1.5
R
51 i S Y
S ( )
| The 1ine strength correction may now be written
1 h\)
AR ¥ (1T ( T
3 T = (_.'_o.) 1 -e
- |
(; -e Mo
where BX is either 1.0 or 1.5 depending on the molecule.
15
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There are three effects w'iich contribute to the line shape
factor g{v-vg). The first of these is called natural broadening
and results from the smearing of energy levels due to the Heisen-
berg uncertainty principie since the energy states have a finite
lifetime. At temperatures and pressures normally occuring in the
atmosphere this effect is negligible compared to other mechanisms
and will not be considered further.

The second effect is called Doppler broadening and is caused
by the rapid movement of the molecules while they are emitting or
absorbing. The line shape factor due to Doppler broadening is
given by[6]

172 -[an2(v-v_)%/a 2]
1 wn? 0 D
(53 glovy) = oo (22)" e

m

where o. is the Doppler half-width defined as half the width of
the g(v-vg) versus v curve at half the maximum amplitude. o is
given by

1/2
(54) ap = v, (2% zn2>

where vy is the center frequency of the line, k is Boltzmann's
constznt, T is temperature in degrees Kelvin, m is the molecular
mass, and ¢ is the speed of light. For convenience of calculation
this may be rewritten

1/2
. (1
(55) = 3.5812 x 10 (M) u

“D

where M is the molecular weight.

The third effect is caused by collisions between rapidly moving
molecules in the absorbing medium and is called collision-broadening.
This is the predominant effect at pressures higher than 50 to 100
torr. For frequencies near vgy the Lorentz line shape[7] ?ives a
reasonable representation of the line shape factor g(v-vo,.

=il

2
(v-vo) ta

2 |—

(56) Q(V'Vo) = 9

16
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Here o is the Lorentz half-width defined as half the width of the
g(v-vos versus v curve at one half maximum amplitude.

The AFCRL Tine compilation[3] gives for each 1ine, the Lorentz
half-width at 296°K and 1 atmosphere total pressure. For calcula-
tions at other temperatures and pressures the half-width must be
modified. The form of the modification may be determined fron. a
consideration of the Lorentz half-width given by kinetic theory[8]

1/2
< 1 roil 2 1 1
(57) aL 2f B % N'i (Da,i) |:21r kT (m—- + m—-)]

a i

where F is the collision frequency, N; is the number of molecules
of the ith type per unit volume, Dy.i is the sum of the optical
collision diameters of the absorbind molecule and a molecule of the
ith type, k is Boltzmann's constant, T is the temperature in degrees
K, my is the mass of the absorbing molecule, and m; is the mass of

a mé?ecu]e of the ith type.

For a binary mixture of an absorbing gas a and a broadening
gas b, Eq. (57) reduces to

1/2
(58) - ]ﬁ Na(Da,a)z |:21rkT (,ﬁ—)]

d

2 ey \] /2
Nb(Da,b) 2mkT (mamb

+

or

1/2 1/2 m. &
(kT 212 2 a b
(58a) a = (gg) N (Dy ) (ﬁ;— + Ny (D, ) (,n m ) ’ :

a ab

Now define Caa’ Cab’ and B as follows

(59) Caa - (Da,a)z (2__>1/2

Ma

1/2
m_+m
ab (Da b)2 (mam b)
H ab

17
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(61) B ==32
From the gas law the partial pressure of gas of the ith type is
(62) Py = Ni kT

Using Egs. (59), (60), and (62) Eq. (58a} becomes

1 1/2
(63) - <§n kf) [Pa Caa * Py Cab]

Substituting B from Eq. (61) into Eq. (63) yields

1 1/2
(64) o = (?F_ET) Cab [Pa o * Pb]

The total pressure P is Pa + Pb so Eq. (64) may be rewritten

1/2
(65) o (ﬁ‘ﬁ') C.p, [P+ P, (b-1)]
or
7\ /2
(66) Sy, (Er—k‘f) Cab Pe

where the equivalent pressure Pe may be defined
(67) Pe =P+ Pa(B-1)

The modification to the Lorentz half-width o 4 given in the
AFCRL 1ine compilation for different temperature and pressure is
then

AW cX
(68) SRR (E; (T‘“ ;

18
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where P_ is one atmosphere and T_ is 296°K. The exponent on T /T
is giveﬂ as CX rather than 1/2 sfnce it has been determined exferi-
rentally that CX is actually about .62 for Hp0 [9] and .58 for
C07. The value of .58 for CO, is quoted by Deutschman and Calfee
[10] as a private communication from Benedict.

B is called the self-broadening coefficient and represents
the ratio of the effect on the half-width of coilisions of absorb-
ing molecules with each other to the effect of collisions between
absorbing and non-absorbing molecules. B is usually defivied with
respect to nitrogen as the broadening gas since nitrogen is the
major constituent of the atmosphere, and is not generally an infra-
red absorber.

Another situation of interest in this study is that of triple

mixtures of an absorbing gas a and two non-zhsorbing gases » and
nitrogen. For this situation Eq. (57) beco s

1/2
_ 1 2 Z
(69) o =7 Na(Da’a) l:E'Jr kT (@)}

+ Ny (0, ) LG kT ("‘a’"b

/ma+m

1/2
No

Now define
: 1/2
_ 2(2
(70) Caa = (Da,a) (ﬁ;)
) ( )2 mb+m 1/2
(71 c.. = (D (
ab a,b mbma
m_+m 1/2
R R T R N el
a N2 a,N2 mamN2

Using Eqs. (70), (71), (72) and (62), Eq. (69) becomes

19

5



ikl s o e s

- 2

172
g4
(3)! § e (81r kT) [Pa Caa * b Cab * Pn, Can

Now B will be defined as before as the self-broadening coefficient
of a with respect to N2'

2

Caa
(74) = ==
CaN2

For a broadening gas other than nitrogen a foreign broadening
coefficient Fi is defined

Using Eqs. (74) and (75), Eq. (73) becomes

1/2
(]
(76) o = (Sn kT) CaN2 [P, B+ Py Fb + PNz]
or
L\ 172
U (81; kT) Can, Pe

where here Pe is

(78) P = P B+P F o+ PN2

Note that in the above discussion Dy i, the sums of the
optical collision diameters was assumed to ’be independent of tem-
perature, pressure and frequency. This leads to the expectation
that the half-width is the same for all lines in a vibration-rota-
tion ?7Ed and that the half-width depends on the temperature as

(1/7) In fact the half-width varies from transition to transi-
t1on as do B and F; and temparature dependence is not always (1/7)]
Ricd11] gives a good discussion of the complexity of the determi-
nation of the Lorentz half-width and a discussion of other

20
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derivations of the Lorentz half-width. For the purposes of the
calculstions used in this investigation the above theory will be
assumed adequate.

At frequencies removed from line center, the Lorentz line
shape does not in general give an accurate representation of the
true line shape. Long, et al[12 found that water vapor window
absorption between 5 and 6 microns could be more accurately pre-
dicted by a Tine shape having more absorption in the wings than
the Lorentz profile. Also Benedict, et al[13] found that for the
fundamental band of CO the absorption in the wings of lines was
less than predicted by the Lorentz shape.

At pressures below about 0.5 torr the 1ine shape is dominated
by Doppler broadening, and at pressures greater than about 75 torr
it is dominated by collision broadening. Between 0.5 torr and 75
torr both collisior broadening and Doppler broadening are import-
ant. In this pressure range a line shape called the Voigt profile
is used which reduces to the Doppler profile at low pressures and
the Lorentz profile at high pressures. The line shape factor for
the Voigt profiie is given by[14]

2
a 00 -t
(79) g(V'VO) = 5/2 J-m g et

s

2 GD t 2
ap + [\)'\)0 = zm]

where ap is the Doppler half-width as in Eq. (53) and o, is the
Lorentz half-width as in Eq. (56). A Fortran program fbr the
fva}uation of Eq. (79) has been made available by Charles Young
15

B. Continuum Absorption

Continuum absorption in the DF laser region from 3.6 to 4
microns arises from two sources. One is water vapor absorption
which is thought to be caused by the far wings of the strong water
bands at 2.7 and 6.3 microns. The other is pressure induced nitro-
gen absorption. Burch{4] has investigated bcth these effects ex-
perimentally using a black-body source and a conventional spectro-
meter. Burch's results have been used in this study to help pre-
dict absorption at each of the DF laser lines.

n Burch's work the absorption coefficient has units mole-

cu]es'{-cm2 and will be called k' in the following discussion.
The absorber amount is then expressed in molecules-cm2 and will

21

l, - ~ = .. =
seddrten ot B SR O 0 TR T e S

it TR ™ D R T ok b e o




st s e

be called u here. For a given sample u may be determined from the
partial pressures of the absorbing gas, the length of the sample
and the temperature as follows

(80) u(molecules/cn?) = 2.69 x 10'° p(atm) L(cm) (273/T)

where p is the pressure of the absorbing gas in atmospheres, L is
the path length in cm and T is the temperature in degrees Kelvin.
The transmittance is then

(81) T e-k u

Assuming for the moment that the Lorentz line shape is valid
in the far wings of lines, k' for a single line is given by Egs.
(27) and (56)

a
(82) k' = %— L > (mo1-cm™2) 7T,
(v=v,)" + o
For V=V, 2> o this becomes
i . Sa o
(83) k' = L (mol-cm™2)"]
ﬂ(V'VO)
where o is from Eq. (63)
O 1/2
(84) ™ §F7Ff) i:Pa Caa T p Cab]

Since af is proport sal to pressure, k' is also proportional to
pressure. It follows then that for continuum absorption due to
far wings k' would be expected to have the form

(85) K = Cb *+ Ce e (mol-cm™2)”]

sPs

In order to obtain enough absorption to measure the water
continuum accurately Burch was forced to use higher temperatures
so that the waterr vapor pressure could be increased substantially

22
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over that normally occurring in the atmosphere, He measured the

water continuum betvween 2400 cm™' and 2800 cm”‘l by tuning his spectro-
meter to points in the spectrum which appeared to be free of local
water lines and measuring the transmittance. He found that the ab-
sorption coefficient k' was proportional to pressure as indicated by
Eq. (85). This incidentally does not indicate that the Lorentz line
shape is valid in the far wings, but rather that the valid line

shape has the same pressure dependence as the Lorentz shape.

Burch measured the continuum absorption of pure water samples
at three temperatures and found that Cg is proportional to A exp
(B/T) where A and B vary with frequency. Using this relationship
Burch deduced a curve for the water vapor continuum at 296K from
the data at higher temperatures. His data are reproduced in Fig. 3.

He measured CN2 at one higher temperature and found that

C
N,
(86) % = 0.02+0.03.
S

Unfortunately CN2 cannot be measured at normal atmospheric pressure

and temperature since the absorption is too small so it is assumed
that Cy, and Cg have the same ratio at 296K as at the higher tem-

perature.

It is useful to represent the extinction coefficient in units
km-1. From Egs. (80) and (85)

(87) k'u = (Cg ps(atm) + C. pelatm)) 2.69 x 10'° Pg(atmiL(cm)
x (273/T)
Rearranging gives k in units cm_]
_klu 21 Ps -1
(88) by B 7.3 x 107 7 (CS pe + Cs pf) cm

The extinction coefficient k in km'] is then

5 26 Ps a]
(89) k=7.38 x 1177 5 (cS ps + Cs pf) km

For the water continuum data at 296K, k can be written

23
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] - 24 -]
3 (90) k=2.48 x 10 pS(CS Pg * 0.12 CSpN) km
E
_ or
b {
1 24
. . 2.48 x 10 -1
3 p o et e
F. L}
% ¥ The total pressure PT is PS plus PN so Eq. (91) may be rewritten
1 s -
E | (92) k= 2.98 x 107 Cepe  (7.33 Pg + P )k
E; wd
é Figure 4 was derived by evaluating Eq. (92) at 14.26 torr H,0 and
; one atmosphere total pressure with Cg taken from Fig, 8.
; The nitrogen continu*m absorption arises from a pressure-
induced band near 2200 cm~'. A number of work?rs have_ investigated
% this absorption between 2400 em-1 and 2640 cm-!- Burch[4] has
determined from his Qeasurements and those of others that (-1nT)
is proportional to pcL just as for the pure water vapor continuum.
Figure 5 is adap%ed from Burch_and shows the nitrogen continuum
between 2400 cm-1 and 2650 cm-1 at 296K.
; c. Description of Calculation Programs
The basic quantity calculated by the programs is
(93) (-en T) = k'u 5
where k' is in units (mol - em=2)-1 and u is in units mol - cm2.
There are two different equations used to calculate k' depending on
the total pressure. For pressures above about 75 torr the Lorentz
profile is used:
i o
(94) k=5 Lt (mo]—cm'z)'].
T (v-v )2 + a 2
0 L
For lower pressures the Voigt profile is used.
2
3 o =
Lo w L dt
(95) k' = 5
. T ont
A, e ["'”o L__]TZ_]
(2n2)
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k km=! x 10-2

| | | |

2400 2500 - 2600 2700
v (cm™)

Fig, 4. Water vapor continuum absorption coefficient
adapted from Burch for PYo0=14,2 torr and
T=296K at 760 torr total pressure,
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Fig, 5. Nitrogen absorption from Burch, T=296K,
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In the above equations o is given by

= 3.5812 x 1077 L 1/2

(36) “D M Yo

and o is given by

NV
o &~ (81r KT ) Can, Pe

where Pe is the effective broadening pressure given in general by
(98) Pe = Pa B + L, Pi Fi

Here P_ is the partial pressure of the absorbing gas, B is the self-
broadeﬂing coefficient, Pj is the partial pressure of broadening gas

i and F; is the foreign broadening coefficient for broadentng gas i.
Note that F for nitrogen is defined to be 1.

For each absorption 1ine the AFCRL line compilation gives the
Tine frequency in cm-1, the line strength_in (mol-cm=2)-T-cm-1 at
296K, the Lorentz half-width in cm-1-atm-1 at 2?6K, the energy of
the lower energy state of the transition in cm- » the energy levels
involved in the transition, and the isotope and type of molecule.
For use at temperatures other than 296K and pressures different
from one atmosphere, the 1ine strength and half-width must be cor-
rected ucing the following equations derived earlier.

EQ, T-T h\)o
W (To) B r(ﬁ‘l) ( - ET—)
(99) S=SoQ_V_(T“) e o /J\1 - e

and

(100) - (iﬁ) T
- P, (T—“

The programs described here have been used exclusively for
frequencies greater than 800 cm-1 and for temperatures between 195K
and 400K. For those conditions the term in brackets in Eq. (99) is
very nearly one and may be safely ignored. Also the ratio of
vibrational partition functions Qy°/Qy has been taken to be nearly
one and therefore ignored although it could be included if uncer-
tainties in line-shape and half-width were reduced to the point

CX
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1 where errors in Qy°/Qy were significant. Assuming 296K for T _,
1 atm for P_ and using k = .6951 cm-1/°K the strength and hal%-
) { width corre@tions become

E, T-296>

BX et a
{ (101) S = So (\&?_5_) e .6951 2967

and
To CX
(102) o =g Pe (2—9—6-

The assumed values for the self-broadening coefficient B,
BX, and CX ave given for each molecule in Table 2.

sl S g

TABLE 2

VALUES USED FOR B, BX, AND CX
IN ABSORPTION CALCULATIOKS

B BX CX
N0 1.24 1.0
CH4 1.3 1.5 s :
H20 5.0 1.5 .62 ,
CO2 1.3 1.0 .58 ;
| 04 1.0 1.5 |
co 1.02 1.0 |
i Equation (94) gives the absorption coefficient k' for one
1 absorption line. A% any frequency there might be several lines

contributing to the absorption. k' would then be given by the
| summation of ‘11 the individual line contributions.

1 S; Ly 22,1
(103)  k'=—- ] > 5 (mol-cm )7,
o 5 (v-vi) + a f

L

| The first program to be described calculates and plots k in

| km-1 versus wavenumber. Note that k in km-! is k'u where u is

Q evaluated using Eq. (80) with the path length L being one kilometer.
{ Input parameters arethe number of absorbers.to be considered; the
{

number of plots to be made; the beginning wavenumber of the first
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plot; the number of wavenumbers per plot; the total pressure in torr
the temperature; the 1.D. number, desired isotope, partial pressure
in torr, and broadening coefficient for each absorber type; and
descriptive information which is written on the plots. _The user may
specify a continuum of the form k (v) = Ao + Ay + A, v2 which is
added to the calculated k(v) at efich point on 1he p18t. The user
may also specify a set of frequencies corresponding to laser lines
or just frequencies of special irterest, and the program will draw

a vertizal line on the plot at each specified frequency.

Figure 6 shows an example of the interactive (teletype) print-
out which occurs during execution of tne program with the informa-
tion provided by the operator underlined. The program then calcu-
lates u for each absorber from the partial pressure and temperature
using Eq. (78) and Pe for each absorber from the partial pressure,
total pressure and self-broadening coefficient. Data is read from
the AFCRL tape as required and the strength and half-width are cor-
rected for temperature and pressure using Eqs. (101) and (102).

There is a parameter SLOW in the program which may be set to ignore
all lines with strength less than SLOW and thus speed the calculation.

The heart of the program is the subroutine which calculates
k'u. It is adapted from one written by Deutschman and Calfee[10].
At any point v the subroutine considers contributions from absorp-
tion lines within BOUND of v in either direction. Recognizing the
uncertainty in the Lorentz Tine shape at frequencies far from line
center, BOUND is usually set at 20 cm-1 or 25 cm-1. For éach separate
absorption line in the range v + BOUND the subroutine calculates
the contribution using either Eq. (94) (Lorentz profile) or (95) 3
(Voigt profile) and the appropriate u for the absorber being con-
sidered. Whether the Lorentz or Yoigt profile is used is deter-
mined by the ratio o /ap for each particular absorption Tine. If
al/ap is greater than five the Lorentz profile is used, otherwise
the Voigt profile is used. The contributions from each absorption
line are then added together to get the total k'u for Tocal line
absorption. If the user has specified a continuum, it is evalu-
ated at this time at the frequency v and added to k'u. This pro-
cedure is repeated for each point on the plot.

.t b T

The program plots the absorption coefficlent in km-1 on a
Togarithmic scale with the scale limits calculated automatically
for the most effective presentation.

Ty R -

Another version of this program plots the transmittance rather
than the absorption coefficient. It would seem however that this is
less desirable since by improper choice of path Tength and absorber :
amount it would be possible to calculate a spectrum showing total ;
absorption or total transmittance, whereas the absorption coeffici- ;
ent plot will always show the spectral structure no matter what 1
absorber amount is specified. i
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1 permit fully legible reproduction
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3 CATE. €8/717/75 TIME 19:54:1C26

S e o ol 2o g

ENTER THE NUMBER OF ABSOFEERS ANL THE NUMEBER OF PLOTS, |

1
"‘ i ENTEP THE EEGINUING VAVENUMEZER
{ ANC THE WAVENIMEER/PLOT. 2650, 17

ENTER THE TOTAL PRESSURE IN TORR. 762

e bl gt
-

ENTER THE TZMPEPATURE IN LECREES Fe69.8

ENTEP IL NUMEER, PARTIAL PRESSURE, ANL BROACENING
COEFFICIENT FOF EACH ABSONEEP.

O
ettt e LI

ENTER IL NUMEEP OF AESOFEER MO.l
12H20 2=C02 2=93 4=Y420 5=C0 6=CH4 7=02
1

ENTER NUMEEP OF DESIRED ISQOTOPE. ]
1F ALL ISOTOPES APE LESITEL ENTER @. 162

ENTER THE ABSORBER AMOUNT IM TORR. 14.2¢
ENTER THE SELF-BROALENING COEFFICIENT.S
L0 YOU WISH A CONTINULM? NO

ENTER AESORBER LESCRIPTION INFORMATION AN TWO _IMES
OF UP TD 42 CHATACTERS EACH. THE FIRST LINE ¥ILL
APPEAP IMMEDIATELY TO THE EICHT OF ABSOREERS: .

THE SECOYD LINE VWILL APREAP TO THE FRIGHT OF
AMOUNTCTI®R): ANL IMMEDIATELY BELOYV THE FIRST LINE.

HIO

4o

1 14.26

l WHERE IS THE ABSORPTION LINE CATA?
ENTER .MT¢ OR .MT1 «MTI

ENTER TAPE STAPT ROINT: FILE NUMBER AND PECOPLC NUMBER4L, 85€

WHICH TAPE UNIT WILL PLOT CATA BE VRITTEN ON?
ENTER «MTE OF MT! .MTZ2

ENTER NIMEER OF FIFST FILE T0 BE VRITTEN.216

WHERE 18 THE LASEP LINE CATA?

ENTER FILE AVL USEP NAME 3N T¥0 LINES.
NDFLN

32714

e P A el

L0 YOU VISH 10 PUN THIS PPOGPAM IN EZACKGROLNLC? YES

Fig, 6. Example run of spectra plotting program,

-
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The program which calculates single frequency absorption is
very similar with a few exceptions. The absorption coefficient is
calculated for only one absorber at a time, however calculations
may be made for a number of absorber pressures and frequencies at

the same time.

The other main divference is that the Lorentz line shape is
not used, but rather a modification of the Lorentz line shape sug-
gested by Tirusty[12]. The alternate shane has the form

o
(104) k = C(v,n)g L . 0 < |v-y,| < vy
n‘{(v-vo) +op J
n
o v
k C(v.n)$ Ly il lv=v | > v
TT\)2+0L2 (v-v )" =
m L 0’
where
- S
(105) Clvan) = v -
2 f M kdv + J k dv
0 v

is added so that the line strength has the usual definition of the
integrated absorption coefficient over the entire line. The inte-
grations in Eq. (105) may be performed directly to give for C(vm,n)

i

(106) Clv_,n) =

w2 [Tan (v ) + v /(v 41) (n-1))]

The modification location v_ and modifier power n are specified by
the user. For vy > 30cqp ahd n = 2 the modified shape reduces to
the Lorentz shape.” For n < 2 the alternate line shiape has more
wing absorptiun than the Lorentz shape and for n > 2 the wing ab-
sorbtion is less.

Figure 7 shows an example of the interactive (teletype) print-
out which occurs during execution of the program with ihe informa-
tion provided by the operator undeirlined.

Appendix B gives listings of the programs and a somewhat more
detailed discussion of the mechanics of the programs,
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TIMMANLS AFL
. BrESS, AES, TEMP, MALFA, ETR, LIWES, EFJAL. LaTA, LYE, ENL, SUVE, STIPE.
"TAP.

i LATE @8/717/7% 7TIYMb 19:4%:22

?{ ENTE? THE TOTAL PPESSURE IN TIPR., 7¢02

4 { ENTEP THE TEMP IV LEC Fe £€2.8%

1 ) EJTER IL NJ. OF AES)TBER
1=H20 2=C02 3=03 4=1L3 &=C0 €=CH4 7=02 {

; L
ENTEP NU¥GEP JF LE
AT

SIFEL ISJTAFE,
1 IF ALL ISOTIRES ATE L[E

SICEL ENTER Q. 1£2

HOY MANY ABSOBEER PPESSUFES VILL EE USEL?

ENTER THEM 9N ONE LINE, FPEE FORMAT.
14626

ENTER THE SELF-EPOALEVING COEFFICIENT.S
ENTEP MOLIFICATION LOCATION IM HALFVIDTHS. 37
l ENTER MOLIFIE® POQVER. 2
wILL CALCULATION FREMNUENCIES BE REAL FPOM A “FILE"™ OP THE "7TTY"? FlL:
ENTER FILE AVL USER NAME 0N TV LINES.
NLFLYN
32714 1
. “HERE IS THF LINE LATA?

ENTER JM7T2 59 44Tl
SMTH

ENTEP TAPE STAPT POINT:FILE NUMBER ANL RECOPD N@. 4, 753

LO YOU VISH TD PUN OFF-LINE? VES i

) Fig. 7. Example run of fixed-frequency program.

as

. i S RN RN
]
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D. Calculations in the DF Laser Region

The programs described in the last section and the AFCRL line
compilation were used to calculate both single frequency absorption
and synthetic spectra for each laser line available from the probe
laser used in this study.

Calculations were made for the AFCRL mid-1¢:itude, sea-level,
summer mode1[16]. The molecules considered in the calculation are
H20, N20, CHy, and COp. The contributions from pressure-induced Np
absorpt1on and water continuum absorption are obtained from Fig. 5
and Fig. 4 respectively. Parameters for the mid-latitude summer
model are given in Table 3.

TABLE 3

AFCRL MID-LATITUDE SUMMER MODEL

T = 294°K

P = 760 torr

P(HZO) = 14.26 torr

P(N,0) = 2.13 x 107 torr (.28 ppm)
P(CH4) = 1.216 x 1073 torr (1.6 ppm)
P(COZ) = .251 torr (330 ppm)

The HDO Tine strengths on the AFCRL tape are scaled assuming
an isotopic abundance of HDO relative to total water of 0.03%.
SLOW was set at 10-27 for these.calculations so that ess?ntially
all the absorption lines are included. BOUND was 20 cm~'. B, BX,
and CX used for each molecule are those given in Table 2. The DF
laser frequencies used are those me?sured by Heath, et 31{17] and
are presumed accurate to + .003 cm”

The calculations at the individual laser frequencies are
Tisted in Table 4. The calculations for each molecule are Tisted
separately and then added together for the total predicted absorp-
tion. For the water contribution, the local HDO, local Hp0 (ex-
cluding HDO), and Hp0 continuum are tabulated separately so that
the relative importance of each factor can be noted.

The synthetic spectra are presented in Figs. 8 through 35.
They are vertical lines drawn on the plots to indicate laser line
positions. The laser lines are identified by transition, and the
major absorption lines near each laser line are identified. The
water continuum and nitrogen absorption have not been included since
it is slowly changing with respect to frequency and the effect would
be to obscure the spectral structure.
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TABLE 4
MID-LATITUOE SUMMER SEA LEVEL ABSORPTION COEFFICIENTS CALCULATED FROM AFCRL LINE DATA[3]

)

N, (b) Total
(mq)

cont{b)

(km)

W0
2 H,0
H 2
HD

(mﬁ)

HZO
(km™)

g

(k1)

(km”1)

g

(e ) (a)

! Rl e Lk Rad il Rl il il Rad e |.u|-| (1) [ ]
%Eﬁaqﬁqgﬁﬁﬁmﬁaﬁﬁ?hh E*hﬁﬁﬁz“*ﬁgi
-"-—D'lt"I'Hﬁlflmiﬂ\ﬂ-rNI‘ﬁNNmNtﬂﬁﬁu‘rwnw—mw'ﬂhﬁr—hm

R
WP L R VRV R VW W W WV W W]
l—lD ommmeo l—O!DQlDf‘Dl—OOi!D

aauﬁ NN~ — 0 ML NN N N - —

o YTy Y
ummw L L g L g L L L S L g ) mww u Wl.ul.uhl LA Lad Lad Lt Lad Ll
NmeNOOQwNNOOONNNwm l—v—NMQ l\ -—m wn )

: , 8@ 3
nNNNNNNF—————————Fw——NNNNNN INN MMM S0

i 1!1'1-1r1'r?1rf?nwﬂsﬂiroPﬁr1ru—-!unurururutwvurncueurugunuraruruoufu

ead i R il il ekl LHHJHILIILIILHIHMJI-IJ I-H
“Eﬁ%ﬁﬁg::gﬂﬁﬁﬁg:ﬁﬁﬁn FEERYSsNRRERy s

SO NNFNSNOI NN~ NN~ — MM 110 MM — 1O MO N

Ol S e b R b i bt L L X8 3 £
[V W Y] L L L L Ll Ll L L L L L L L L L L L Wl Wy
OOV Dsr O NN-:rmmcommgwmcewwwwv\mwngmsgm
noNDN TRV AN OOT— O MO~ —WNM OO OWN wn
. . .

D e L T PR T YUY YYDV Yy
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. .53

o
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) U 1
MM OO NN O N N e 00 ) 0 ) e 0 e e e o e ek

2527 .39
2617.386
2631,068
2638.392
2640.074
2655.863
2662246
2665.219
2680.179
2683.890
2691.607
2703.999
2717.5393
2727.309
2742.998
2750.094
2767 .968
2772.340
2792.434
2816.380
2839.791
2862.653
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{(b) Burch. et al.
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CHAPTER II1
EXPERIMENTAL EQUIPMENT

A very important part of this study was developing the exreri-
mental system necessary for making measurements of the desired high
accuracy. The experimental apparatus making up this system can be
divided into four groups:

Single lipe DF laser

Auxiliary optics

Detectors and electronics
Multiple traversal absorption cell

W —

The equipment in these groups will be described in this
chapter.

A. Design and Construction
of the DF Laser

1. Introduction

A probe laser for atmospheric absorption measurements should
have the following characteristics:

1. It should operate on only a single line and be easily
tunable from line to line.

2. It should be fairly easy to use, that is it should not
require a full-time technician to operate.

3. It should be economical to operate.

4. Aninlitude stability should be as good as possible. .
At the time this study was begun and indeed even now such a

DF laser 1S not commercially available. It was therefore necessary

to design and construct the laser.

The DF Taser is a chemical laser, that is the upper laser

levels are populated by the release of energy from a chemical re-
action. The lasers used in this study are similar but not identical
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to one described by Ultee{18]. A mixture of helium, sulfur hexa-
fluoride (SFg), deuterium, and oxygen gases is introduced into the
discharge tuge. A 12 to 15 kv electrical pulse of less than one
microsecond duration dissociates the SFg producing free fluorine
which reacts with deuterium to form excited DF which then emits a
laser pulse about one microsecond long. Helium is added tc serve
as a heat sink and promote discharge stability. A small amount of
oxygen is adled to keep sulfur deposits from forming on the walis
of the discharge tube. Note that all the input gases are non-cor-
rosive and non-poisonous and require no special handling,

2. Original DF laser

a. Gases

The gases used were helium, SFg, deuterium, and oxygen as
described in part 1. A conventional 15 ¢fm m.chanical pump was
used to maintain a pressure of 3 to 12 torr in the discharge tube
and a flow rate sufficient to change the gas mixture between pui:es.
It was found that the optimum pressure and gas mix varied according
to the particular line which was oscillating.

Estimated mass flow rates for operation at 6 torr are: helium,
21 gm/hour; SFg .49 gm/hour; deuterium, 1.% gm/hour. Estimated
operating cost with commercially supplied deuterium is $4.00/hour.

b. Laser tube geometry

The laser tube geometry is shown schematically in Fig. 36.
The tube was constructed of 10 mm I.D. pyrex tubing with two inlet
ports and three output ports. The electrodes were Kovar glass to
metal seal. Swagelok fittings were used to make connections at the
inlet and outlet ports.

The windows were calcium fluoride with the Brewster angle in
the proper orientation for operation with a grating.

c. Optical cavity

The optical cavity consisted of a 300 1ine/mm grating blazed
at 3 um and a 20 m radius of curvature germanium mirror coated for
greater than 80% reflectivity between 3 um and 4 ym. The grating
and the mirror were separated by 121 cm.

The grating mount was designed by Professor Damon at Ohio
State so that the grating could be easily aligned, and so that the
grating could be easily and reproducibly tuned to a specific laser
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Fig, 36, Schematic diagram of first DF laser tube.

* line. A photograph of the grating mount is shown in Fig. 37. This
mount proved to be quite satisfactory and was used in all versions
of the laser.

{ The output mirror was mounted in a piezoelectric drive -
which was part of a commercial aimbal mount which was mounted

on a horizontal translation stage. The mirror could then be moved
to adiust the longitudinal cavity mode for optimum operation on a
single line. It was found however that longitudinal adjustment had
no effect on the laser output, probably becavse of the extremely
high gain for pulsed operation.

=

The grating mount, laser tube and mirror mount were all attach-
ed to a limestone slab five feet long, one foot wide, and three inches
thick. This arrangement proved to be quite stable. Once the optical
cavity was aligned it maintained alignment indefinitely with only
minor adjustments required wher, the laser tube was changed.

' - sl LS e | Blla oaebb e b e =g e o = b E -
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Fig. 37. Grating mount
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d. Pcwer supply

The laser reaction was initiatad by discharging a 0.02 ufd
capacitor through A thyratron. The capacitor was charged to 12 to
15 kv using a commercial high voltage power supply. The pulser was
supplied by Aerospace Corporation and was capable of single pulse
operation or repetitive pulsing up to about 100 pulses per second.

L
It was necessary to repackage the Aerospace pulser to reduce
electrical noise problems. This is discussed in more dotail
in part f. s

2. Laser alighment

| The alignment of the laser was relatively simple although tne
B | output mirror was opaque to visible light. A helium-neon (HeNe)
I laser beam was first made collinear with the Taser tube with the
aid of small irises which were mounted at either end of the laser
tube. Then a flat mirror was attached to the grating table and the
grating mount was adjusted so the grating rotation axis was exactly
perpendicular to the laser beam. This occurred when the flat mirror
reflected the HeNe Taser beam exactly back on itself. This could be
easily determined because the reflected beam fed back into the HeNe
l laser and caused the output amplitude to fluctuate noticably. Then
the flat mirror was removed and the grating was installed. The
| grooves of the grating were then aligned parallel with the axis cf
- rotation of the grating by making sure that the 4th through 7t
orders of the HeNe laser beam were reflected straight back to the
laser as the grating angle was tuned. This insured thet the grating
was aligned for the wavelength rang> from 2.5 um to 4.5 um. The
output mirror and mirror mount were now installed so that the output
{ mirror was centered on the HeNe laser beam. Then the output mirror
was adjusted so that the reflection of the HeNe laser beam from the
back of the mirror went straight back to the laser. The output mir-
ror could be adjusted closely enough this way so that with the laser
operating and the grating tuned to the proper angle there would be
5 oscillation. Fine adjustment of outpuc mirror orientation could
then be made to optimize the laser output. The grating micrometer
tuning calibration could be determined from the micrometer nositions
where the 4th through 7th orders of the HeNe Tlaser were exactly re-
flected. If a least square fit of a quadratic is then made to these
four points, the micrometer position for any given lase- line may
then be determined from the fitted Quadratic. This calibration me-
thod was tested by observing the laser output with a 1 meter Czerny-
Turner spectrom2ter and found to be valid. This ‘s hardly surprising
since the laser cavity is equivalent to a 1.21 meter spectrometer with
wide slits.

s
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f. Laser performance

The laser was operated and found to oscillate on 25 lines with
average power at 20 pulses per second of from .04 to 1 milliwatts
per 1ine. A drawing of an oscilloscope trace of the pulse is shown
in Fig. 38. The laser could be operated up to about 35 pulses per
second before the laser output per pulse started to deteriorate.

The pulse rate was probably limited by the gas flow rate. There
were however, two serious problems.

One was the great amount of RF electrical noise generated by
the high-voltage pulser interfered with the operation of the elec-
tronics associated with the absorption measurement experiment. An
attempt was made to reduce the noise by carefully repackaging the
pulser. An improvement was cbserved, but the noise was still in-
tolerable. The entire laser including the power supply was then
placed in a shielded room with a double thickness of copper screen
on al1 sides. The power tc the shielded room was connected through
line filters, and the room was separately grounded to an eight foot
ground rod driven through the floor. The gas line and pumping lines
came through brass or copper pipes. A one inch hele was cut in the
wall to let the laser beam out. The pulse trigger signal was coupled
through the wall using an infrared 1ight emitting diode and a photo-
transistor. These rather drastic measures completely eliminated the
RF noise problem.

AN

-—»‘-—Zpsec

Fig. 38. Pulse shape of first DF laser,
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The second problem which occured was sulfur depositing on the
Brewster windows and on the inside of the laser tube. The deposit
rate was such that the windows had to be cleaned after about one
hour of operation. An attempt was made to reduce the sulfur deposit
rate by adding more oxygen to the gas mixture. However this 'ad
the effect of drastically reducing the laser power.

3. Second DF laser

To solve the problem of window contamination a new tube was
designed similar to the first but with ports added near each Brew-
ster window. A schematic of the new tube is shown in Fig. 39. The
idea is to admit helium through these additional ports to keep re-
action products out of the area near the windows.

Other modifications were also made in the tube at this time.
The tube I.D. was reduced to about 8.5 mm to improve discharge sta-
bility. The electrode configuration was changed from Kovar glass
to m2tal seals to 1/8 inch copper tubing inserted as close to the
active region as possible without obstructing the optical path.
This was done to reduce the voltage and energy required to initiate
the chemical reaction.

12 INCHES

’// QUTLEC TO PUMPH\

~

=

\\\\“ INLETS -*”':/“
ELECTRODES
HELIUM INLETS —

Fig. 39, Schematic diagram of second DF laser tube,
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The new tube worked quite satisfactoriiy. The added helium
flow at the windows not only had the expected eifect of eliminating
window contamination, but also the unexpected effect of reducina
sulfur deposits in the tube. Thus the oxygen flow .ould be safely
reduced to a point where the Taser output was no longer affected.
The helijum flow rate past the windows was such that with the ma1n
gas mixture shut off the tube pressure was about 5 torr.

Both the output power and the pulse to pulse stability were
somewhat improved with the new tube. The laser also operated on
30 lines instead of 25 with the added lines being primarily the
lower rotational transitions of the 1-0 band. This may be because
the helium flow at the windows removed unexcited DF from the opti-
cal path.

This second version of the laser worked reascnably well and

most of the measurements uascribed in the next chupter were made
using this laser.

4. The portable OF laser

After operating the laser described above for a considerable
time it was decided that a smaller more portable laser was needed.
In particular a laser was needed which had very little RF noise
generation, since the large shielded room was taking up much needed
laboratory space. It was also felt that improved optical stability
could be obtained if the laser could be mounted on the same table
viith the external optics.

The pulsed laser built by Ultee[18 ] used a different power
supply design than that used in the Aerospace pulser. Ultee's power
supply charged a 1 microfarad capacitor to about 600 vuits and dis-
charged it through a pulse transformer to get the high voltage re-
quired by the laser tube. This design has the advantage that the
high-voltage pulses are restricted to the output of the pulse trans-
former and the laser tube. These components can be fairly easily
shielded to eliminate RF noise emission. Using circuit diagrams
provided by Ultee[19], a new pulser was constructed.

Also at this time a new tube was designed and built which
had an active length of 20 centimeters and inside diameter of 5.5
millimeters. This compares to an active length of about 30 centi-
meters and inside diameter 8.5 millimeters for the previous tube.
The new tube had one inlet at the center of the tube for the main
gas mixture, and an exhaust port to either end as well as the he11um
inlet ports at the Brewster windows.

It had been observed on the previous laser that the copper

electrodes became fouled after a period of time, part1cu1ar1y the
one at the high voltage end. This could possibly have been copper
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sulfate. A couple of different electrode configurations were tried
to eliminate the fouling. The most satisfagtory solution seems to
be a nickei rod at the low voltage end and a tungsten rod at the
high voltage end insulated with Teflon tape except at the tip.

The optical cavity for the new laser consisted of a 300 line/
millimeter grating blazed at 3.5 um and the same 20 meter radius of
curvature germanium mirror used in the previous laser. The grating
and end mirror were separated by 80 cm. The grating wmount was of
the same design as that used on the previous laser. The output
mirror was mounted in a commercial gimbal mount as before, but
there was no provision made for tuning the cavity length since it
‘had been found to have little effect in the earlier laser.

The Taser was constructed un a 3/4-inch aluminum plate, ten
inches wide and thirty-nire inches long. 2long one side of the
laser was a 1/4-inch aluminum plate. Attached to the plate were a
box containing the oscillator, feedthroughs for the gases and pump-
ing port, and a vacuum gauge which reads the pressure at the exhaust
ports of the laser tube. The mirror mount, grating mount, laser
tube, storage capanitor, thyratron, and pulse transformer were all
mounted on the bas.: plate. There was an aluminum box attacted to
the base plate and side plate wnich eiclosed everything but the
mirror mount and grating mount. There were small holes in the ends
of the box to let the laser beam out. Figure 40 shows the laser
with the shield box removed.

Since the laser tube was not exactly the same as ltee's, it
was necessary to use a different pulse transformer and storage capa-
citor. The DC voltage to charge the capacitor is supplied by Power
Designs Pacific, Inc., Model HV-1547 photomultiplier tube supply.
The capacitor is charged to about 1200 to 1300 volts. Figure 41
shows the electrical schematic of the Ultee power supply as modi-
fied. Ultee used an E.G&G. Model TS-185 pulse transformer rather
than an E.G&G. Model TS-146A and a one microfrad capacitor instead
of a .333 ufd capacitor. When the laser is operating at 50 pulses
per second the photomultiplier supply provides about 1600 volts
at about 20 ma. The capacitor is charged to about 1250 volts since
the charging time between pulses is 1.5 time constants.

The new Taser completely eliminated the RF noise emission
experienced with the earlier lasen, and in addition the average
power in the new laser was increased by a factor of four or five.
Part of the. increase comes from a faster pulse rate (50 pps rather
than 35 pps) made possible because the tube was smaller and the
vacuum pump was the same. Figure 42 shows a photograph of an oscil-
loscope trace of the pulse.

A laser very similar to that just described was built and
loaned to Professor Rao of the Ohio State University Physics depart-
ment so the laser line frequencies could be accurately determined

using a very accurate gratirj spectrometer. Using the laser emission
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Portable DF laser with shield box removed.

Fig. 40.
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spectra in conjuncticn with DF absorption spectra, the values for
the laser frequencies were determined to an accuracy of *+ .003 cm-1.
These frequency values are given in Table 5 for each of the lines
observed in the pulsed lasers described here.

B. Optics

The next important aspect of the experimental system is the op-
tics necessary to focus the laser beam into the absorption cell and
onto the detectors. There were two optical setups used, one with
the DF Taser mounted separately in a shielded room, and the other
with the DF Taser mounted on the main optical table with the White
cell entrance optics.

The first optical layout to be described is the one used with the
DF laser mounted separately in the screen room. This is the arrange-
ment which was used in making most of the measurements described in
the next chapter. The layout is shown schematically in Fig. 43.

The DF laser beam comes from the shielded room and is directed
onto the main optical table by mirror M. Mirror M2 is used to align
a visible HeNe laser beam collinear with the DF laser heam and is re-
moved during measurements. The N2O cell and mirror M7 are used in
detector calibration (described later) and are also removed during
a measurement. The apertures are used as an aid in aligning the
visible HeNe Taser beam, Mirror M5 and M6 are uscd to direct the
beam into the White cell. M6 is a spherical mirror with 0.76 m
focal Tength which is positioned to focus the DF laser beam at the
piane of mirror M0 in the absorption cell without overfilling mirror
M11. The beamsplitter is an uncoated BaF? %° wedge which reflects a
small percentage of the incident beam to ‘the reference detector which
is positioned near the focal point of the beam. Mirrors M8 and M9
are used to direct the laser beam onto the signal detector after it
has passed through the White cell, with M9 being used to focus the
beam on the detector. ATl mirrors used in the system are aluminum
coated first surface reflectors.

The proper position of the focusing mirrces M6 and M9 and the
proper detector positions were determined with the aid of a computer
program based on the optical resonator chart developed by Collins
(201. The program is a generalization of one written by Trusty[21],
and calculates the spot size and distance from the focal point at
any desired location in an optical system consisting of a laser and
up to ten focusing elements (mirrors or lenses). A listing of the
program is given in Appendix C.

The program assumes a laser resonator consisting of a flat mirror
on one end and a spherical mirror at the output end. This is equiva-
Tent to a resonator with a flat grating on one end and a spherical
output mirror such as the one used with the DF lasers described
earlier. The program accounts for the fact that the output mirror
is also a diverging Tens wh2n making the calculations.
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3
E. : TABLE 5
E FREQUENCIES OF OBSERVED DF LASER LINES
i { Identification Frequency Identification Frequency
F Band Transition (em-1) (a) Band Transition  (cm=') (a)
| 1-0 P(2) 2862.653 2-1 P(8) 2631.068
: 1-0 P(3) 2839.791 2-1 P(9) 2605.807
i 1-0  P(4) 2816.380 2-1 P(10) 2580.097
1-0 P(5) 2792.434 2-1 P(11) 2553.953
1-0 P(6) 2767.968 2-1 P(12) 2527 .391
1-0  P(7) 2742.998 2-1 P(13) 2500.428
1-0  P(8) 2717.539
l 1-0  P(9) 2691 .607 3-2 P(2) 2683.890
| 1-6 P(10) 2665.219 3-2 P(3) 2662.246
1-0  P(1) 2638.392 3-2 P(4) 2640.074
1-0  P(12) 2611.142 3-2 P(5) 2617.386
1-0  P(13) 2583.486 5P P(6) 2594.198
4 3-2 P(7) 2570.522
| 2-1 P(2) 2772.340 W) P(8) 2546.375
i 2-1 P(3) 2750.094 3-2 P(9) 2521.769
! 2-1 P(4) 2727.309 §-2 P(10) 2496.721
2-1 P(5) 2703.999 50 P(11) 2471.245
2-1 P(6) 2680.179 3-2 P(12) 2445.356
1 2-1 P(7) 2655.863 3-2 P(13) 2419.070

(a) Frequencies determined to 0.003 cm"] by Heath, et.a1[18]
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i Aligning the HeNe laser beam collinear with the DF laser beam was
rather difficult since the DF laser beam was invisible and the aver-

{ age power was too low to permit using the fluorescent screens which

! are useful in observing higher power infrared laser beams.

| The first alignment method made use of an uncoated calcium fluo-
ride flat in place of mirror M2 in Fig. 43. A small hand held lead
selenide detector was used to find the approximate location of the
) DF laser beam on the calcium fluoride flat. Mirror M3 was then used
to direct the visible laser beam to that spot. Then the small de-
tector was used to find the location of the DF laser beam near mirror
i M5. The calcium fluoride flat was adjusted so that the HeNe laser
; beam struck the small detector. The coincidence of the HeNe and DF
“ laser beams was then checked again near the calcium fluoride flat
E and mirror M3 used again to refine the alignment of the visible beam.
: If adjustment was required, the alignment was again checked near
mirror M5 and adjusted if necessary. The last two steps in the a-
lignment were repeated until the alignment of the two laser beams
; was as close as possible.

This method proved to be somewhat unsatisfactory since the DF
laser spot was fairly large and the center of the spot was difficult
to determine.

The second method and the one which proved to be most satis-

1 factory made use of the adjustable apertures shown in Fig. 43. The
idea is to exactly center the apertures on the DF laser heam with
mirror M2 removed and then insert mirror M2 and adjust M2 and M3 so
that the helium neon laser beam goes exactly through the apertures.

' The difficult part of this method is getting the apertures
1 centered properly on the DF laser beam.

The DF laser beam was directed to the reference detector using
i the small handheld dJetector to make sure the beam fell entirely on
| M1, M5, M6, and the barium fluoride (Ban) beamsplitter. The beam-
splitter was then adjusted for maximum signal on the reference de- |
tector. The reference detector was located near the focus of the DF
laser beam and was large enough to collect the entire beam.

The location and approximate size of the DF laser beam at the
apertures was determined by observing the reference detector signal
as the beam was obstructed by slowly moving a card into the beam
from the top and bottom and from either side. Using this technique,
the apertures could be accurately positioned.

With the HeNe laser beam adjusted collinear with the DF laser
beam and the apertures opened up, the rest of the optical align-
ment could be performed rather easily using the HeNe laser beam 1
1 as the visible reference. j
1
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Mirrors M5 and M6 were used to direct the beam into the White
cell properly. The White cell was adjusted to the desired path
length using the HeNe laser as a reference. The BaFy beamsplitter
was then adjusted to direct the HeNe laser beam to the reference
detector, and mirrors M8 and M9 were used to direct the laser beam
to the signal detector after it jad passed through the White cell.
Fine adjustment of the detector alignment was made with mirror M2
removed and the DF laser operating.

The second optical layout (Fig. 44) is the one used when the
DF laser was mounted on the main optical table with the White cell
entrance optics.

The apertures were used to align the visible HeNe laser beam
collinear with the DF laser as before.

Since the DF laser used in this configuration had more average
power, Eppley thermopiles were used as the reference and signal de-
tectors. Because the tppley theirmopiles are relatively slow they
could not be easily used to adjust the DF laser for optimum operation
on a desired line. f(herefore provision was made for directing the
reference beam to a lead selenide detector for laser adjustment and
to the Eppiey thermopile for absorpticzn mcasurements. This was done
by mounting mirror M7 on a kinematic mount, which could be removed
and replacec without affecting the optical alignment.

cC. Detectors

Early attempts to measure absorption in the White cell with
the first pulsed laser made use of Eppley thermopiles as the refer-
ence and signal detectors. The average laser power was too low
however and air currents and temperature changes in the room caused
detector responses which were a noticable fraction of the laser
signal. This resulted in a Tow signal to noise ratio and very poor
repeatability in the measurements. It was necessary therefore to
use fast detectors which could respond to the peak laser power in
each pulse rather than the average power.

The first fast detectors used were mercury cadmium telluride
photoconductive detectors manufactured by Mullard Inc. The detectors
had an operating temperature range of 273-300°K, a time constant of
0.15 usec, and were .25 mm square. The detectors had adequate sensi-
tivity, however their small size made it necessary that the optical
alignment be very closely maintained. This is almost impossible,
particularly at the output of the absorption cell after the beam
has traveled three-fourths of a kilometer or more.

The next detectors were lead selenide photoconductive detec-

tors manufactured by Santa Barbara Research Center. These detectors
operated at ambient temperature (~ 296°K) with a time constant of
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1-3 usec and were 4 mm square. These detectors also had the required

sensitivity and their relatively large size made alignment less criti-

cal, although great care was still needed.

The use of pulse detectors presented three additional problems.
The pulse to pulse instability of the laser made it necessary to use
pulse averaging electronics, and the propagation delay of about 2.5
microseconds in the absorption cell made it necessary to look at the
reference and signal pulses at different times or to "save" the re-
fererce pulse. The solution to these problems is discussed in the
next section.

The third problem was the possibility of detector non-linear-
ity. Although the average laser power was only about 1 milliwatti,
the peak pulse power was about 25 or 30 watts. Accounting for the
fact that the reference detector received a small percentage of this
power and the signal detector only about a fourth (because of White
cell insertion loss), the detectors still received from 1 to about
8 watts peak power.

The possibility of detector non-linearity was investigated by
intercomparing the reference detector with an Eppiey thermopile.
While the thermopile detectors could not be used to make the ab-
sorption measurements because of the low reflectivity of the beam-
splitter and White cell insertion loss, it was possible to use a
thermopile to make the detector comparison by placing it where it
received.most of the laser power. The Eppley thermopile was known
to be linear in this low average power region, so if the lead sele-
nide detector was also linear,a plot of voltage from the thermopile
detector versus vcltage from the lead selenide detector would be a
straight line. In fact the relationship observed was not a straight
line, so the lead selenide detector was indeed non-linear as sus-
pected.

The detectors were calibrated against the Eppley thermopile
using the following procedure.

The experimental layout is that shown in Fig. 43. The idea
is to compare the reference detector PbSe #1 to the Eppley thermo-
pile over a wide range of signal levels with mirror M7 in place.
Then the mirror is removed and the reference detector and signal
detectorPbSe #2 are compared with the White cell evacuated.

At first it was thought that the signal level to the detectors
could be changed by changing the gas mix and excitaticn voltage in
the laser. This procedure gave unsatisfactory and unrepeatable re-
sults. This could have been caused by pulse shape changes as gas
mix and discharge voltage are changed since the electronics associ-
ated with the lead selenide detectors responded to only the peak of
the pulse while the thermopile responded to the energy in the pulse.
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It was necessary therefore to use an external attenuator and
leave the laser undisturbed during the calibration runs. The sig-
nal to the detectors was attenuated step by step by introducing N20
into the 21 cm cell shown in Fig. 43. The first part of the experi-
ment comparing the thermopile and the reference detector PbSe #]
was repeated three times on three separate days, as was the second
part of the experiment comparing the reference detector and the sig-
nal detector PbSe #2. At each signal level the signals from the
two detectors were read and recorded on the typewriter by the com-
puter using the data taking program which will be described later.

A Teast squares fit of the data from the first part of the
experiment was made to a third-order polynomial. This results in
an expression of the form

= 2 3
(107) Ey = B + A]x] + Azx] + A3X]

relating the reference detector voltage Xy to the Eppley thermopile

voltage Ey (Fig. 45). The voltages are those read by the computer
after arbitrary fixed amplifications.

Similarly the data from the second part of the experiment was
used to obtain an expression of the form

- . 2 3
(108) x] = C0 + c]x2 + sz2 + C3X2

where X2 is the signal detector voltage as -~ead by the computer and
Xy is the reference detector voltage (Fig. 6 .

From Eqs. (107) and (108) the follow ng expression relating
the signal detector voltage X2 to an equiviient Eppley voltage E)
was determined (Fig. 47):

2 3
ot ByXy + ByX," + BoX

(109) E 3%5

o =B

The Tinearity correction expressions determined by the above
procedure were tested by incorporating them into the data-taking
program and repeating the second part of the calibration experiment.
At each signal level the computer read the voltages X; and X, from
the reference and signal detectors and usec cgs. (107} and (?09) to
determine Ey and E5 respectively. If the lTinearity corrections are

good, a plot of Ep versus Ey should be a straight line. Figure 48
shows that this was indeed the case.
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The figst attempt to determine the linearity correction uced
quadratic rather than cubic expressions. It was found, however,
that the quadratic expressions were not sufficient to correct the
nonlinearity.

Subsequent calibrations used a somewhat different procedure.
The experimental technique used was the same. However, before the
second part of the experiment was performed, the data from the first
part of the experiment was used to obtain the expression in Eq.
(107). This expression was incorporated into the data taking pro-
gram. The data from the second part of the experiment was then in
the form corresponding to Fig. 47 or Eq. (109) rather than Fig. 46
or Eq. (108). The two procedures yield the same results, however
the second requires less hand manipulation of the data.

The detectors described above were used with the original
laser mounted in the shielded room. The small portable laser which
was built later could be mounted on the main optical table and had
four or five times as much average power. This made possible the
use of thermopile detectors. This was desirable since the thermo-
pile detectors respond to the average laser power and they are known
to be linear in the low average power region.

Some care was required in the use of the thermopile acteziors
since they readily respond to room temperature fluctuations and air
currents. To help eliminate these problems the thermopiles were
each encased in a 4 inch block of styrofoam with a small hole to
admit the laser beam. Boxes were also constructed of 1 inch thick
styrofoam to completely enclose the detectors, with a small hoie
cut in the boxes to admit the laser beam.

The styrofoam boxes and insulating biocks protected the de-
tectors from short term temperature fluctuations and air currents.
However n-he detectors did respond to long term temperature changes.
Therefore if the room thermostat setting was changed or a heat load
was suddenly introduced in the room it was necessary to wait until
the temperature had stabilized before attempting to make measure-
ments. This asually took no more than thirty minutes to an hour.

D. Electronics

Anotier important part of the system was the electronics used
to amplify and record the detector signals. There were two separate
systems used with the two different types of detectors. The lead
selenide detectors which were fast enough to respond to each laser
pulse required the use of commercial box-car integrators and some
other specially built electronics. The Eppley thermopiles were
relatively slow and therefore responded only to the average laser
power. DC amplifiers were used with these detectors. The output
of the electronics in either case was read by an XDS 920 computer
through a 24 channel, 14 bit A/D converter.
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The boxcar integrators and associated electronics will be
described in part 1, the DC.amplifiers will be described in part 2,
and the computer and A/D converter will be described in part 3 below.

1. Boxcar integrators and associated
electronics

Boxcar integrators were needed with the fast lead selenide
detectors for two reasons: 1) to average out variations caused
by pulse to pulse instability and 2) to provide a DC voltace pro-
portional to the pulse height which could be read by the computer.

i
A block diagram of the pulse detector electronics is shown in
Fig. 49. The pulse amplifiers, dual gate generator, and differential
gated integrators were manufactured by Molectron Corporation. The
2-channel peak holding circuit, the optical trigger coupler, and the
detector bias circuits, were specially built for this particular
experiment.

The key components of the system are the differential inte-
grators (Molectron Md1. 112). Typical operation of one of the dif-
ferential gated integrators is depicted in Fig. 50 and Fig. 5I.

The diode bridges are back-biased when the gates are off.
When a gate is on (gate input greater than 2 volts) the diode bridge
is forward biased and the integrator side of the bridge follows the
signal side. Thus if the voltage on the integrator capacitor is
less than the signal voltage, current flows from the bridge to charge
the capacitor, and if the signal voltage is less than the capacitor
voltage, the capacitor discharges. In the back-biased mode the
diodes have extremely high impedance, and t* buffer amplifier follow-
ing the integrator has extremely high impeaanc:. These factors re-
duce leakage currents from the integrating capacitor to less than
0.5 picoamperes.

The integrating time constant is selected by changing R and
C in the integrator. If the input is a continuous string of pulses
as shown in Fig. 51, and the two gates are adjusted as shown, the
output is just the pulse height and varies with a time constant
equal to RC(T/rg).

The gate pulses and the input signal are superimposed at the
monitor jack for convenience in adjusting the gate timing. The
signal at the monitor jack is one tenth the input signal and the
gate pulses are fixed at 25 millivolts.

The time constants of the integrators in both channels are
matched to within 0.5%
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The output of the gated integrators was fed directly into
the A/D converter on the XDS 920 computer.

The dual gate generator (Molectron Model 122) accepted the
trigger pulse and generated the gate signals required by the two
differential integrators. The delay time from the trjgger pulse to
gate 1, the gate separation, and the gate width are all adjustable.

The response of the lead selenide photoconductive detectors
to an increase in the intensity of infrared radiation striking them
is an increase in electrical conductivity. The primary purpose of
the bias circuit is to conrert this increase in conductivity to a
voltage change. A circui: diagram of the bias circuits used in
this study is shown in Fig. 52. R1 is adjusted to maintain the bias
voltage at 160v as the battery ages, C1 is a filter capacitor, R2 is
the load resistor, C2 insures that the steady state voltage at the
output connector is zero, R3 and C3 integrate the pulse, and S2 is
used to short the output and prevent high voltage transients when

S1 is opened or closed,

The signals from the detector bias circuits were processed by
the pulse amplifiers (Molectron Model 131) which shaped the pulses
and amplified them up to five volts.

S|

W o

R2 cz R3
IOMQ iMa 0. ufd 3900
RI = —AM——— VW -

= ci 0.002 [ &3
. == 0.1 @ I.Lfd :L . @

e Ll BNC TO OUTPUT BNC

b N DETECTOR CONNECTOR

Fig, 52. Lead selenide detector bias circuit diagram,
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' One problem which had to be solved was the delay between the
reference pulse and the signal pulse caused by the transit time of
the White cell. The solution to this problem was a peak-holding
circuit which held the peak of each pulse until after gate 1 was
off. This circuit is shown in Fig. 53. When the input voltage
exceeds the output voltage D1 conducts and charges C1 to the new
input voltage. As the input voltage decreases, D1 becomes reversed
biased and the peak voltage is held on C1 (discharging slowly
through R5). RI in series with D1 1imits the charging current. To
discharge C1, a positive pulse of approximately 2 volts (Gate 1) is
applied to the reset terminal. Q1 inverts the reset pulse and C2
and R4 differentiate the inverted reset pulse. D2 suppresses the
negative spike from the differentiator (caused by the leading edge
of the reset pulse). The positive spike (caused by the trailing
edge of the reset pulse) causes the two FET's to conduct and dis-
charge the storage capacitors CI1.

Another problem was caused by the very large high frequency i
noise associated with the trigger pulse from the laser. An attempt :
was made to suppress the noise with an RC filter. This attempt was
unsuccessful. The trigger pulse was then coupled optically through
the screen room wall using an LED and a photo transistor as shown
in Fig. 54. This optically coupled trigger worked quite well and
eliminated the noise completely. ;

]
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1 & = 3
+ + -
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5 = 1
& 0
RS OUTPUT
| IMa #2
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Fig, 53, Peak holding circuit diagram,
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2. OC amplifiers

When the thermopiles were used, the required electronics was
much simpler since the only requirement was that the thermopile
signal be amplified to about a plus or minus ten volt range without
introducing noise so that full advantage could be taken of the A/D
converter resolution.

The signals were first fed into HP425A microvoltmeters whose
output was a maximum of plus or minus one volt. The outputs of the
microvoltmeters were then amplified to plus or minus ten vclts by
Alinco Model 518A differential amplifiers. The output of the Alinco
amplifiers was read directly by the A/D converter on the XDS 920
computer.

3. A/D converter and computer

The XDS 920 computer used in this experiment has 4096 24 -
bit words of core memory with a cycle time of 8 microseconds and
a fairly powerful instruction set,and input/output capability which
makes it easily adaptable to laboratory experimental applications.
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The cycle time of 8 microseconds is slow compared with modern com-

puters, however the speed is quite adequate for the present appli-
cation.

The analog to digital converter was manufactured by Epsco,
Incorporated. Tt has a 24 channel multiplexer with an input imped-
ance of 100,000 ohms and an input range from -10 to 10 volts. The

digital output word is 14 bits long which means the resolution is
about 1.24 millivolts per bit.

Programs for the computer are written primarily in Fortran
except for some subroutines which control special devices such as
the analog to digital converter which are written in assembly
language. The program used to take the data in this study is de-
scribed in the next chapter along with the experimental procedure.

E. The Absorption Cell

The absorption_cell used in this study was originally designed
and built by Long[22]. The cell is 0.61 meter in diameter and 16.15

meters long with a sample volume of 4.72 cubic meters or 4720 liters.

The cell walls were honed smooth during construction in order to
reduce water vapor adsorption effects.

Path lengths of well over one kilometer are easily obtainable
in the cell using a three mirror optical system of the type first-
described by White[23]. The White optical system used in this cell
is shown in Fig. 55. The mirrors ail have a radius of curvature of
15.24 meters, and mirrors A and B are separated from mirror C by
the common radius of curvature 15.24 meters. Mirrors A and B were
obtained by cutting a 51 centimeter diameter mirror into two halves.
Mirror C is 30.48 centimeters in diameter with notches cut out as
shown for the entrance and exit beams.

The number of traversals and iience the path length is adjusted
by tilting mirrors A and B as shown in Fig. 55. The external optics
are adjusted so that the incoming laser beam is focused just as it
passes the front surface of mirror C and with proper optics exter-
nal to the cell it diverges to almost fill mirror A. The White
optical system then has the property that the beam is focused at
the plane of mirror C after every second traversal of the cell if
the distance from mirror C to mirrors A and B is exactly the radius
of curvature of mirrors A and B. The number of traversals is deter-
mined by counting the spots on mirror C. The number of traversals
is just two more than twice the number of spots.

The entrance and exit windows of the cell are barium fluoride
half-degree wedges. Wedges are used rather than flats to eliminate
interference effects.
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For most of the measurements reported in the next chapter, the
cell was set for 48 traversals or 731.7 meters. For some of the
measurements however a longer path was required. The cell was there-
fore set at 88 traversals or 1.341 kilometers. It was discovered
that at the longer path length the output spot was so large that the
spots on mirror C overlapped. Using the spot size program described
earlier, it was discovered that a small error in mirror separation
would cause the spot on mirror C to become larger as the number of
traversals became greater,

The mirror separation was then adjusted using a white light
source. An image was formed at point 0 in the plane of mirror C
which then diverged to fill mirror A. The image was observed in
the plane of mirror C at the output with the cell set for 64 passes.
The mirror separation was then adjusted to make that image as sharp
as possible. It was found that the mirrors had been about 1 cm too
far apart. Since the mirror separation is 15.24 meters, this is not
a large error. It does however cause problems if long path lengths
are desired.

From the above discussion it is obvious that for a White
cell which is designed to be either heated or cooled some provision
must be made in the design for keeping the mirrors properly separated
as the cell expands and contracts.

The cell is evacuated using a 100 cubic foot per minute mechani-
cal pump and a six inch diffusion pump connected near the center of
the cell through pneumatically operated valves.

Gases are admitted to the cell through three ports located
near the center of the cell and at each end. The ports are con-
nected to a common manifold where various gases can be admitteed.

There are two small fans, one at each end, inside the cell
to aid in mixing the gas samples.

There are several different types of vacuum gauges attached to
the cell. The vacuum pumps' operation is monitored by a set of
thermacouple gauges and an Alphatron 530 gauge. Gas sample pressure
is monitored by three separate mercury gauges. Sample pressures up
to two torr were measured with a McLeud gauge. Sample pressures
from 1 torr to 50 torr are measured with a Roger Gilmont Instruments
Model 906 mercury micrometric manometer. This instrument can be
read to .025 torr. Prassures up to 1000 torr are measured with a
U-tube manometer which can be read to 1 torr.

The dew-point of the water vapor-air or water vapor-nitrogen
mixtures was measured with a dew-point hygrometer which optically
senses the formation of dew or frost on a thermo-electrically cooled
metal mirror. Two different hygrometers were used. One was a Cam-
bridge Systems Model 88C which used a precision aged thermistor to




|
{
|
|
|

measure the dew-point ' mperature. This instrument was calibrated
against a mercury mi: " »tric manometer in this laboratory. The
other hygrometer user a Cambridge Systems Model 992 which used
a precision platinum resistance thermometer to sense the dew-point
temperature. The calibration on this instrument is traceable to
the National Bureau of Standards.

The cell temperature was monitored using Stow Laboratories
platinum resistance thermometers installed near the center of the
cell and at either end.

Also connected to the cell was a mass spectrometer residual
gas analyzer which could be used to monitor the composition of a

gas sample over a period of time to determine whether selective
adsurption might be occurring.
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CHAPTER 1V
DISCUSSION OF MEASUREMENTS

Absorption measurements were made for five absorbers and eight
different DF laser lines. The absorbers studied were N»0, CH,, CO2,
HDO, and Ho0. The laser lines studied were the 2-1 P(6), P(73, P(8),
P(10), and P(11) lines and the 3-2 P(6}, P(7), and P(8) lines.

Absorption by all constituents was not measured for each line.
For the 2-1 P(6) - P(8) lines and the 3-2 P(6) - P(8) 1ines the goal
was to measure the molecular absorption accurateiy. Therefore only
those constituents which caused significant absorption for these
lines were measured. This determination was made by studying the
calculations described in Chapter II and preliminary measurements
made by Spencer, et al.[24]. In addition NoO absorption was also
measured on the 2-1 P(10) and P(11) lines since they were the only
other lines for which N20 absorption was significant.

Also a laser spectroscopy technique was used to determine the
frequencies of the 3-2 P(7) and 2-1 P(10) lines by measuring their
separation from NoO absorption lines.

A. N20 Absorption Measurements,
760 Torr, 23°C

Measurements of the absorption by nitrous oxide samples broad-
ened to 760 torr with dry nitrogen were made for the 3-2 P(6) - P(8)
lines and the 2-1 P(10) and P(11) lines. For these measurements the
White cell was set for a path length of 0.7317 kilometers.

Assuming the calculations in Chapter II are in error by no more

than +100% it is not possible to measure the N20-N; absorption coeffi-

cients with acceptable accuracy in a path of 0.7317 kilometers unless
the N»0 concentration is increased above the normally assumed sea-

level concentration of 0.28 ppm. Therefore the No0 concentrations used

were from 10 to 1000 times the normal concentration (2.8 to 280 ppm).
These concentrations are still quite low and the results can be
linearly extrapolated to normal N0 abundance without distortion
which might arise from the difference between the self-broadened and
foreign-broadened half-width. This can be seen from the following.
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: Assuming the Lorentz line shape, the absorption coefficient in
km~! may be written as follows

(IL u
2

(110)  k(kn'') =

EN%

?
(v-vo) + o

. . . -2
where u is the absorber concentration in molecules-cm .

Now uis directly proportional to the absorber partial pressure of
and of is glven for 296X from Egs. (67) and (68) by o g (Pr + (B-?)Pa).
Therefore the absorption coefficient can be written

. k(km_]) _cs L0 Pa2 (P, +2(B-1)Pa) ”
i (v-vo) + % g (PT + (B-])Pa)

where C is a proportionality constant relatingy to P . If the
absorber pressure P, is very small compared to the total pressure,
Py + (B-]?P is very nearly Py and the absorption coefficient k is
directly proportional to the absorber pressure P,. Thus if the
absorption coefficient is known at some absorber pressure P., the
absorption coefficient at some lower pressure P, is just PL?Pa times
the absorption coefficient at P,.

For each experimental run, the absorption was measured on a ,
single DF laser Tine for a number of Np0 concentrations. First the F
cell was evacuated and the signal detector and reference detector
voltages were read by the computer and their ratio calculated and
recorded on the computer typewriter. Any detector linearity cor-
rection determined from calibration experiments was made automatic- :
ally at this time. Next a predetermined amount of a mixture of 1% i 4
N,0 in Nitrogen was admitted to the cell and the cell filled to :
7%0 torr with dry nitrogen. The 1% mixture was :sed to admit the | %
sample rather than pure N20 so the absorber amount could be accurately :
measured. Even at the highest N0 concentration used (250 ppm) the
NoO partial pressure was still only 0.2 torr. With the mercury ‘
pressure gauges which are used on the absorption cell, pressures
between 1 and 50 torr can be measured with greater accuracy than
pressures less than 1 torr. Therefore a mixtrue of 1% N20 in nitro-
gen was used as the absorbing gas.

|
The cell now contained the absorbing mixture at the highest ;
N20 concentration to be measured in the current run. This sample )
was permitted to mix for about one hour. Then the ratio of signal %
voltage to reference voltage was read and recorded by the computer |
as before. The proper mixing time was determined by monitoring the
transmittance of the cell continuously until it was observed to be {
stable. Next the mixture was partially pumped out, the pressure
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measured, and the cell refilled with nitrogen to 760 torr. This
procedure reduced the N70 concentration by a known amount. This
new sample was allowed to mix for about one hour and the signal to
reference ratio was read and recorded as before. This procedure
was repeated to obtain data at several NoO concentrations. At the
end of the day, the cell was evacuated, and the signal to reference
ratio recorded.

The above procedure was repeated several times on different
¢ays for each laser Tine. A1l measurements were made at room tem-
perature (v 23°C).

Although the laser was tunable from line to line, it was found
the desired repeatability in transmittance could nct be obtained un-
less the laser was left tuned to one line for the duration of a
measurement run. This is presumably due to optical alignment diffi-
culties associated with moving the grating.

For these measurements the optical arrangement shown in Fig. 43,
with the DF laser in the shielded room and the lead selenide detectors
was used. The procedure used for making each measurement took ad-
vantage of the averaging capability offered by the computer. Before
each measurement, the laser beam was blocked. On command frocm the
typewriter the computer then read the signal channel and reference
channel 300 times in about 15 seconds, computed the averages and
recorded them on the typewriter. These zero readings represented
the offset introduced by the electronics and were subtracted from
all subsequent readings. Next the beam was unblocked and the signal
and reference readings were allowed to stabilize. On command from
the typewriter the computer then made a series of five measurements.
For each measurement, the signal and reference voltage were read
100 times in a period of about 5 seconds and averaged, the zero off-
sets measured before were subtracted, and the readings were corrected
for linearity using the cubic equation for each detector derived from
the calibration experiments. The computer then printed the corrected
signal voltage and reference woltage, the standard deviations of each
measurement, and the ratio of signal to reference voltage. After
this had been repeated five times, the average signal voltage,
reference voltage and ratio were recorded on the typewriter. A
sample data run is shown in Fig. 56. Five sets of 100 samples were
used rather than one set o7 500 samples so that short term trends
in the readings such as zero drifts, alignment instabilities or laser
power changes could be observed. All of the parameters of the mea-
surement procedure could be modified by the user such as number of
measurements, number of samples and delay between sample readings.

In addition a threshold value of standard deviation could be set
which if exceeded caused the measurement to be ignored in the final
average.

Figures 57 - 61 show the measured absorption coefficients versus
NoO concentration for the five lines studied. In each case a least

squares fit of the data to a straight line through the origin was
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9.
DATA TAKING PROGRAM. RECVISED OCT, 25,1973

11/16/73

VARIABLE VALUES ARE:

AD1 3

AD2 18

DLY 50.000
SAN 100
ASTODV  1.0600
NOA 5
=NPTION

17,

ENTER DETECTOR CALIBRATION CDEFFICIENTS FOR THE CUBIC YAABAALNXEZA2KXX**2QATEXSS
ENTTR A0,...,A3 FDR SIGNAL DETECTDR,

.2511,1.7147,1.8987,~.52312,

ENTER A0,...,A3 FOR REFERENCE DFTECTOR.

.11762,1.3011,.72959,-.015012,

? ~DPTIDN
: 5.
4 ZERO ADJUST, BLDCK BEAM, CARRIAGE RETURN TO CDMTIMUE,
1
& 3 ZERO1 IS ~-.0418 STANDARD DEVIATIDM 1S 0268
§ ZERD2 IS 0005 STANDARD DEVIATION 1S 0425
|
| -OPTION
S
ZERO ADJUST. BLOCK BEA!, CARRIAGE RETURN TD CONTINUE,
ZEAD1 IS ~-,0423 STANDARD DEVIATION IS 0266
ZERO2 IS 0433 STANDARD DEVIATION (S P1lug
l
“DPTIDN
Se
4 ZERD ADJUST, BLDCK BEAM, CARRIAGE heiUkM TO CONTIMNUE.
ZERD1 IS ~-,0424 STANDARD DEVIATION IS 0265
ZERD2 IS .1188 STANDARD DEVIAT!IDN IS 0286
“QPTIDN
' CHANNEL 3 CHANNEL 18
SIGNAL REFERENCE
VOLTAGE STD DEV VOLTAGE STD DFV SIG/REF
1 S.4207 0271 6.,9426 .0269 .786878
2 5.4173 3266 6.,9533 0267 . /7910
3 5.477¢0 .0267 6.9186 0270 . 719163
i 4 S.L484 .0265 6.9521 0266 (78379
5 5.4292 .0265 6.,9077 0264 (78595
; AVERAGE ¢ 5.4385 6.9349 . 78423 TAKEN S TIMES
= . .
| Fig. 56, Example run of data-taking program,
1
'! 102
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made. The fact that the data points fall almost on a straight line
is the best indication of the validity of the detector linearity
correction procedure described in Chapter II1. Table 6 gives the
measured absorption coefficient per part per million along with the
calculated value from Table IV. The absorption coefficients extra-
polated to the normally assumed atmospheric abundance of 0.28 ppm
are also given alongwith the results obtained by SpencerPs ] and
Deaton[ 25].

The measured absurption coefficients and calculated absorption
coefficients agree within 1 or 2 percent except for the 2-1 P(11)
line where the difference is about 10%.

The agreement with Spencer's measurements is not as good,
Spencer's measurements were made with pure N20 in a 1 or 10 cm cell,
The values given in Table 6 are extrapolated from Spencer's meas-
urements at 760 torr assuming a self-broadening coefficient for
N20 of 1. If the self-broadening coefficient in not 1, this
extrapolation could introduce a substantial error,

Deaton's measurements were made using a differential spectro-
phone with flat windows and N20 concentrations from ! to 1000 times
the normally assumed atmospheric concentration. The spectrophone
was calibrated using the N20 data from this study for the 3-2 P(6),
P(7) and P(8) Tines. The calibration factors determined by Deaton
were different for the three lines. He attributed this difference
to experimental errors and took the average of the three as the
correct value. The fairly good agreement for the 3-2 P(6), P(7),
and P(8) lines then is to be expected since Deaton used the data
from this study for those three lines as his calibration. The data
for the 2-1 P(10) line is not in good agreement. There are a couple
ot things which could account for this. The data in this study is
valid for 760 torr total pressure. Deaton's measurements and cali-

brations were made at 630 torr. There is no certainty that the 760 torr

data could be used to calibrate at 630 torr and calibration errors
could be introduced which were different for different lines. Alsc
Peterson[26] has found that the spectrophone calibration can be
frequency dependent since the fiat spectrophone windows are also
low-finesse Fabry-Perot etalons.

For two of the laser Tines, 3-2 P(7) and 2-1 P(10), the assumed
laser frequency differs from the assumed frequency of an N>0 absorp-
tion Tine, In this situation, it is possible to determine para-
meters of the absorption 1ine from a plot of absorption coefficient
versus total pressure with the absorber pressure constant.

This can be shown by the following[27]. For an isolated Lorentz
line the following expression may be written

S a
(112) k = = —
T (av)© + a2
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where k is the absorption coefficient,

T.\m
n P {26
(113) @ =a P (T )

is the half-width of the absorption 1ine, P, = 1 atm, Av is the
difference in the frequencies of the laser ?ine and the absorption
line, P is the total pressure, and S is che line strength. For a
constant temperature and P in atmospheres, a becaines

(114) a

1]
<
©

On a curve of k versus total pressure P, the condition for
zero slope with Av constant is

2 2 2
dk _ S [(av)" +a” - 2a "
Ms) @ 7 [;?Ai)z i1 J = 0

or,

(116) o= Av

Therefore, as a first approximation (i.e., assuming a single
isolated Lorentz 1ine) when the slope of the k versus P curve is
zero

(17) aoP = Av

Thus, if the frequency difference between the laser line and
the absorption line is known, the half-width can be determined.
Similarly, if the half-width is known the frequency difference can
be determined.

Now if o P = Av is substituted into Eq. (112) the following
is obtained

me) k=2 A
m 2(av)

or

(119) S = 2nk(Av)
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Thus the line strength may also be determined.

When this experiment was performed, the laser frequencies had
not yet been accurately measured. Therefore the line widths and
frequencies Tisted for the NoO absorption lines on the AFCRL tape[3]
were assumed to be correct and this technique was used to better
determine the laser line frequencies.

It should be mentioned that Eq. (117) is strictly true only
if the pressure is high enough that the Voigt profile does not have
to be used to desicribe the absorption line shape,ithere is no pressure
shift in the frequency of the absorption l1ine, and there are no other
absorption lines close enough to contribute to the absorption at the
laser frequency. In the prezent study, the first assumption is valid,
the second one is probably valid, but the third assumption is not
valid.

A Tirst approximation of the effect of additional absorption
lines on Eq, (117) can be obtained by including the nearest absorp-
tion line on either side of the nearly coincident line. In this
case Eq. (112) becomes

w

1200 k=P —f—gedt L2 2,
K (av)” + (Av]) + o K (sz) + oy

where the non-subscripted terms refer to the nearly coincident ab-
sorption line and the subscripts 1 and 2 refer to the lines on either
side of the coincident line.

=1|U1
—

Assume the half-widths and line strengths are all about the
same and Avy and Av2 are about 10 times Av. This is the case for
the No0 band under consideration here. Equation (120) then becomes

(121) k =

s Shlch i S e R 05 P ma sl iz eteil L e

S [ o) + o + o ' !
T L(A\))2 + a? (Av])z + az (Av2)2 + a2

Differentiating Eq. (118) with respect to a gives

2 2 2 2
B e a2 Avi” toa . Avy” - @
(39 + 577 () + ap)?

(122) +

I

[«
-~
ER1%)

2)2

ja
Q

((av})% + «

Now assume that the two additional Tines cause only a small
change in the single Jine solution which is o = Av. Substitute o
Av in the denominator of the first term of Eq. (122% and drop o in
the second and third terms of Eq. (122) since (Avy)¢ and (av )2 are
both much greater than a2, and substitute Avy = Avp = 100 Av."Equation
(122) then becomes
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(123) dk _ S av© - 4 + 100 sz i 100 sz
A do 7 4(av) 100004y 10000Av4j =@
or
2 2
dk _ S |ave - 4 Av %
(124) I e o +"—‘1I =0
4pv 50av
w;;' (]25) _ql(‘ . § Aiz = (12 + .OBOA\)Z — 0
1 da 1 an 4
! v
]
i‘.“b

. 2
Solving for
(126) a2 = 1.08 sz

Substituting Eq. (126) into £q.(122) and solving for a2 again yields

LR R W THL TR, e I R U

(127) o = 1.0865 a2

sk

Repeating the process one more time gives
r (128)  o® = 1.087 ay2

or

(129) aoP = 1.043 av

The effect of additional absorption lines then is to add four
1 or five percent to the right side of Eq. (117)

For the two 1ines

studied, the experimental
cient versus total
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Figure 62 shows the experimental data for the 3-2 P(7) line
with N,0 pressure constant at 6.51 x 102 torr and total pressure
varying from 50 - 850 torr along with calculated curves for the
sam? N20 pressure and laser frequencies 2570.505 cm~1, 2570.510
cm™', and 2570.515 cm-1, The laser frequency determined from Fig.
62 js 2570.51 + .01 em-1. This compares with 2570.522 + .003
cm-1 determined by Heath, et al.[17].

Figures 63 and 64 show the experimental data for Bhe 2-1 P(10)
line with NoO pressures 6.82 x 10-3 torr and 1.73 x 107¢ torr re-

spectively and total pressures from 50 torr to 760 torr. Also shown
are calculated curves_for the same N%O pressures and 1a?er fre-
quencies 2580.100 cm-1, 2580.105 cm-T, and 2580.110 cm~'. The laser
frequency determined from the plots is 2580.10 + .005 em-1. This

compares with 2580.097 + .003 cm-1 determined by Heath, et al,[17].

For the 2-1 P(10) line the frequency determined results in
agP = 1.043 av at the zero slope point. This is in exact agree-
ment with Eq. (129). This is probably coincidental considering the
assumptions which were made in the derivation. For the 3-2 P(7)
line at the zero slope point agP = 1.068 Av which is a little higher
than predicted.

The technique described here is certeinly useful
provided proper precautions are taken in interpreting the results.

B. CH4 Absorption Measurements,
760 Torr, 23°C

Measurements of the absorption by methane samples broadened to
one atmosphere total pressure by dry air were made for the 2-1 P(6),
P(7) and P(8) DF laser lines. The White cell was set at 0.7317 km
for these measurements.

As with the nitrous oxide measurements the methane concentra-
tion had to be increased substantially over the normal atwospheric
abundance in order to have sufficient absorption so that it could
be measured accurately in a 0.7317 km path. The highest partial
pressure of methane used was 1.72 torr which corresponds to 2263
parts per million. The normally assumed atmospheric concentration
is 1-6 parts per million. Even though the concentration is greatly
enhanced over the normal concentration the methane partial pressure
is still low enough that the results can be linearly extrapolated
without distortion caused by self-broadening.
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Fig. 62. Absorption coefficient vs total pressure for
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of the absorption data to a straight line through the origin was
made.

gives the CHg absorption coefficients for the three laser lines as |
extrapolated from the experimental data. For comparison the rea-

surements reported by Spencer, et al.[24] and Deaton, et al.[26]
are also presented along the the calculated values from Chapter II.

rs

Assuming the calculations presented in Chapter II are in error
by no more than +100%, the absorption due to methane for the six
high-power 1ines in the 2-1 and 3-2 bands is negligible compared with
the absorption due to HDO and the water continuum. One of the pur-
poses of these measurements then was to verify that the methane
absorption was irdeed smail. The second purpose of these measure-
ments was to provide calibration data for a spectrophone experiment
#hich has been reported elsewhere[28].

‘he procedures and experimental setup used for making the
methane measurements were the same as those used in making the nitrous

oxide measurements except that all three laser 1ines were studied in
one experimental run.

Figures 65, 66, and 67 show the measured absorption coeffi-

cients versus methane concentration for the 2-1 P(6), P(7), and i
P(8) lines respectively. For each laser line a least squares fit

Assuming a natural CHy abundance of 1.6 ppm[16], Table 7

TABLE 7.

METHANE ABSORPTION COEFFICIENTS ASSUMING
1.6 ppm CH4 IN AIR AT SEA LEVEL

v k k k k

line (cm']) (km']) (km-1) (km-1) (km-1)
calculated OSU exp. Deaton (a) Spencer (b)

2-1 P(6) 2680.179 3.061x10™%  15.2x107%  11.0x10°% 19.8x107%
2-1 P(7) 2655.863 7.147x10™%  11.3x10%  11.4x10°%  12.9x107%
2-1 P(8) 2631.068 8.458x10°%  8.50x10% ¢.70x70"%  8.88x107%

(a) From Deaton, et.al.[25]
(b) From Spencer, et.al.[24]
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Fig, 65. Measured CHg - Air absorption coefficient
for 2-1 P(6) 1line at 2680,179 cm~!.
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P =760 torr
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Fig, 67. Measured CHy - Air absorption coefficient
for 2-1 P(8) line at 2631,068 cm-1.
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The m asured absorption coefficients are in reasonable agree-
ment with the calculated absorption coefficients only on the 2-1
P(8) line. For the other two lines the agreement is nut good at all.
According to Benedict[29] the methane data on the AFCRL line data
tape(3] may be in error. Therefore the calculations made using this
data would also be in error.

The CHgq measurements reported by Deaton were made using the
same apparatus and procedures as for the N0 measurements. The same
calibration factor was used and the measurements were made at 630
torr in both cases. Considering those factors the agreement of the
results of this study with those reported by Deaton is as good is
could be expected.

The measurements reported by Spencer were made using a 200 cm
cell and pure methane. The results given in iable 7 were obtained
by extrapolating his measurements at 760 torr to 1.6 ppm assuming a
self-broadening coefficient of 1. The agreement of the results of
this study with those reported by Spencer is reasonably good except
for the 2-1 P{6) Tine. On this line some error could be introduced
in extrapolating Spencer's measurement to 1.6 ppm.

The results of this study along with the results reported by
Deaton, et.al. and Spencer, et.al. confirm that the methane absorp-
tion is indeed quite small compared to absorption due to HDO or the
water vapor continuum.

C. C0.,, Absorption Measurements

2 y

The calculations presented in Chapter II indicate COp absorp-
tion coefficients for the six laser 1in?s of interest in the 3-2
and 2-1 bands of about 10-7 or 10-8 km~!. Myers[30] has investi-
gated the CO» absorption experimentally using a DF laser and has
found that the absorption coefficient for some lines is four orders
of magnitude higher than the calculations predict. This absorption
is apparently due to an isotopic or weak COp band which was not
included in the AFCRL compilation.

Absorption of the 2-1 P(8) DF laser 1line by pure COp was
measured for COp pressures of 248, 503, and 761 torr in a path of
0.7317 km. The optical setup and detectors were the same as for
the No0 and CHg measurements. Myers found that this 1ine had higher
absorption than any uf the other six lines of interest in this study.
The results of the measurement ave shown in Fig. 68. The results
of this experiment are probably less reliable than the results of
the NoO and CHg measurements because the detector calibration was
not sufficiently well known. The point at 761 torr is probably with-
in 1% with the other two points being somewhat worse.
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The measured absorption coefficient was 1.6 km ' at 761 torr,
Assuming a se]f-bToadening coefficient of 1 for CO, this corresponds
to 5.3 x 10-4 km~! at 330 ppm COp and 1 atmo:phere total pressure.
Assuming a self-broadening cqffficfentof 1.3 and using the data in
Fig. 68, a value of 4.7 x 107" km™' at 330 ppm and one atmosphere is
obtained. Table 8 1ists the absorption cc.fficients obtained by
Myers for the six high power laser lines along with the result ob-
tained in this study for the 2-1 P(8) 1line.

TABLE 8
MEASURED CO2 ABSORPTION COEFFICIENTS FOR 6 DF LASER LINES

Line v k (km-]) k (km—])
(cm ) Myers (a) this study

2-1 P(6) 2680.179 19 % Gor

2-1 P(7) 2655.863 1.85 x 1074

2-1 P(8) 2631.068 9.26 x 107* 5.3 x 1077
3-2 P(6) 2594.198 6.85 x 107"

3-2 P(7) 2570.522 5.2 % T~

3-2 P(8) 2546.375 4.21 x 107%

(a) From Myers[30 ]

The difference between the absorption coefficient for the 2-1
P(8) line measured in this study and that measured by Myers is not
completely accounted for. Myers has indicated that the numbers he
has quoted are not as accurate as would be indicated by the number
of significant figures. In any case the CO absorptior coefficients
are small compared to the HDO and water con%inuum absorpcion coeffi-

cients.

D. HDO Absorption Measurements,
760 torr, 24°C

Absorption of the 2-1 P(6), P(7) and P(8) and the 3-2 P(6),
P(7) and P(8) DF laser lines by HDO-nitrogen mixtures was measured.
The detectors, optical arrangement, and data recording procedures
were the same for these measurements as for the N0 absorption
measurements.
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As with the N20 and CHy absorption, the HDO -absorption for the

; six laser lines of interest in this study is too low in normal atmo-
spheric samples to be measured in a 0.7317 km path. In addition,
the calculations presented in Chapter II indicate that the HDO ab-

) sorption is the same order of magnitude as the water-vapor continuum
absorption. Therefore it was necessary to enhance the HDO concentra-
tion relative to the Hp0 concentration for two reasons. First, the

| HDC enhancement was necessary in order to obtain high enough absorp-

tion to accurately measure in a 0.7317 km path. Second it was

necessary to enhance the HDO concentration so that the HDO absorption
was much greater than the water vapor continuum absorption. The small
continuum absorption would not then cause any appreciable crror in
the measurement of ADO absorption.
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In these experiments it was necessary to devise a careful sam-
ple preparation procedure.

In the steady state, HDO does not exist alone but rather in
equilibrium with Hp0 and D20 according to the following equation:

(130) H20 % 020 — 2HDO

The relative concentrations of the three types of water can be cal-
culated from the equilibrium constants, K292° = 3.543 and k293 =
3.506[ 24] for the liquid and gas phases respectively.

! The procedure used in preparing the samples for the work pre-

sented here was to mix a known amount of Dp0 with a known amount of

Hp0 and calculate the resulting amount of HDO using the equilibrium :
constant. A formula relating the final amount of HDO to the initial

amounts of Dp0 and H20 can be derived as follows:

For a mixture of Hp0, D20, and HDO where the molal concentra-
tions of the three types of water are A, B, and C respectively, the
equilibrium concentrations of each of the three types of water are
related by

ot o s e A St et

N

=
]
e

E (131)
where the appropriate K for the 1iquid or gas phase is used.

Let Cy,0 be the initial volumes of H,0, Cp,0 be the initial

volume of Do0 and Cypg be the final volume of HDO. The final con-

centrations of Hp0 and D20 are then (Cy,0 - CHDO/Z) and (Cp,0 -

CHDO/Z) respectively. Substituting these definitions for A, B, and
i C in Eq. (131) gives

o
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Cino)
a2 (i) HDO — =K
E ) Ci0 (o0 - CHgo (Cyo* Cp 0" (CQDO)

! D) o\ 2 2

| Equation (133) may be written as follows:

2
(134) (Cypo)(4-K) + 2k €, (ch0 + CHZO) - 4K cH20 c020 - 0.

Equation (134) may now be solved for CHpo using the guadratic formula:

| 2 2
"“CILOJ'CI)ZO)*\/K (Ch,0*Cp,0) +4K(4-K)Cy o Cp g
(138) G m ——
HDO (4-k)

B e o oo

Three separate mixtures containing different HDO concentrations

4 were used. The appropriate mixture was chosen for each laser line so :
' that the absorption could be measured accurately in a 0.7317 km path. j

The samples used were: for the 2-1 P(6) line, .01% D20, 1.99% HDO, *

balance Hp0; for the 2-1 P(7) 1ine, .003% Dp0, 1.02% HDO, balance 3

i Hy0; and for the 2-1 P(8), 3-2 P(6), 3-2 P(7), and 3-2 P(8) lines, :
{ .12% D20, 6.22% HDO, balance H20. The percentages were calculated ‘
using the gas phase equilibrium constant K = 3.506.

{ There is a potential problem which could be encountered when

! the enhanced sample is introduced into the White cell. This is caused
by the fact that HDO is less volatile than Hy0 and therefore remains

| preferentially in the condensed phase, It has been reported[31] that
in thermodynamic equilibrium, water vapor over 1liquid water will con-
tain 8% fewer HDO moleucles than the liquid water. When the water
vapor is being introduced into the White cell, the Tiquid and gas
are certainly not in thermodynamic equilibrium, so the HDO concen-
tration in the cell could be quite uncertain. This problem was over-
come by filling a small bottle with just enough of the specially
prepared water to fill the White cell with the desired amount of
water vapor and evaporating the sample completely.

{

| Another problem which could affect the HDO concentration would

! g be preferential adsorption of one water isotope relative to the other.
1
{
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The cell has been tested several times for Ho0 adsorption and none
has been observed. A mass spectrometer re515ua1 gas analyzer was
added to the cell so that the HDO/H20 ratio could be monitored as

a function of time in order to evaluate this problem. The instru-
ment was not accurate enough for absolute concentration determi-
nation. A water vapor sample containing an enhanced concentration
of HDO was admitted to the cell and the HDO/H20 ratio was monitored
using the mass spectrometer over a period of several hours. Within
the accuracy limits of the instrument, no change in the ratio was
observed. A more complete discussion of this experiment is given
in Appendix D.

Figures 69 through 74 show the results of the HDO absorption
measurements for the 2-1 P(6), P(7), and P(8) Tines and the 3-2 P(6),
P(7), and P(8) lines respectively. The absorption cell path length
was 0.7317 km. The cell originally contained 15 torr of the appro-
priate special water sample plus nitrogen to a total pressure of
760 torr. The Tower points on the curves were obtained by partially
pumping the cell out and refilling to 760 torr with nitrogen.

For each line a_least squares fit of the data to an expression
of the form k = AP+BP? was made, where k is the absorption coeffici-
ent and p is the partial pressure of enriched water in torr. The de-
rived expression for a laser line is presumed to be a more accurate
characterization of the absorption coefficient than any individual
data point. The expressions for the measured absorption coefficients
for the three lines are presented in Table 9. The expressions are
valid for 760 torr total pressure with p being the partial pressure
of the enriched water.

In Table 10 the expressions from Table 9 are extrapolated to
an assumed abundance of HDO to Hz0 of 0.03%. This was done by multi-
plying the coefficients A and B by ,03 /x where x is the percent HDO
concentration of the mixture used to make the measurements. This
procedure assumes that line broadening caused by HDO - HDO collisions
is not greatly different from line broadening due to HDO - H20 col-
lisions. These expressions have been evaluated at 14.26 torr for
each 1ine and the values listed in Table 10 along with the absorption
coefficients calculated in Chapter II. It should be pointed out that
the expressions for ahsorption coefficients in Table 10 are only
valid at 24°C and 760 torr total pressure. The temperature depend-
ence and total pressure dependence of the absorption coefficients
have not been investigated.

Since the samples used to make the measurements also contained
an enhanced D,0 concentration as well as enhanced HDO, it is possible
that some error might be introduced due to D20 absorption. This
possibility was investigated by measuring the absorption of a sample
of purc D20 vapor broadened with dry air. The Dp0 vapor pressure
was 0.21 torr which is 12-500 times the DpQ partial pressure at the
highest water vapor pressure for the HDO measurements in Figs. 69
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TABLE 9
MEASURED HDO ABSORPTION COEFFICIENTS FOR SIX DF LASER LINES

. 5
Line v {em ') HDO -1
concentration k (km ")
2-1 P(6) 2680.179 1.99% 2.25x10" 1p+ 1.36x107F
2.1 P(7) 2655.863 1.02% 2.02x107% + 1.78x1073p%
2-1 P(8) 2631068 6.22% 7.07x107% + 1.20x1073p?
3-2 P(6)  2594.198 6.22% 2.31x1071 + 1.58x1073p2
3-2 P(7) 2570.522 6.22% 9.77x107% + 1.93x1073p
3-2 P(8) 2546.375 6.22% 3.00x107% + 4.01x107%p2
) TABLE 10 ,i
; HDO ABSORPTION COEFFICIENTS EXTRAPOLATED TO .03% |
RELATIVE HDO ABUNDANCE :
Line K (kn™') .03% HDO K (km™) K (k") i j
760 torr total pressure  14.26 torr H.0 14.26_torv j
o calculated . 'i
] 2.1 P(6)  3.39x1073p + 2.05x10°%p%  5.24x1072 3.79x10"2 %
1 2-1 P(7)  5.94x107%p + 5.24x107°P2  9.54x107 7.35x107° g
i E
2.1 P(8)  3.38x107% + 5.78x10°%%  6.00x1073 9.12x10°3 “
g 3-2P(6)  1.11x107%p + 7.62x107%%  1.74x107 7.18x1073 !
| 3-2p(7)  4.71x107% + 9.31x10°%%  8.61x107° 4.53x1073 i
i
3.2 P(8)  1.45x10"%p + 1.93x107%%  2.46x107° 1.13x1073

127




s I T !

ABSORPTION COEFFICIENT (km~!)

v .

T

N
|

0

2—1 P(6)
P=760 torr

.99 PARTS HDO /)00 pARTS TOTAL

TER

0 2 4 6 8 0 12 14

Fig, 69.

PARTIAL PRESSURE ( torr)

Measured HDO-N2 absorption coefficient for
the 2-1 P(6) 1ine at 2680.179 cm-1,

128

16

e e i 0 A g

e b i o o '

e P g T T - pa—




B e

——

— sk e

ABSORPTION COEFFICIENT (km—')

i L T R ® [ I

o e MO DI RPN M M T AL oot omne

4!
2-1 P(7)
P =760 torr
3_
2_.

—

1.02 PARTS HDO/IOO PARTS

o

TOTAL
WATER

I I
0O 2 4 6 8 10 12 14 16

PARTIAL PRESSURE (torr)

Fig, 70, Measured HDO-N2 absorption coefficient for
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{ to “4. There was measurable D20 absorption, however if the measure-
ments are extrapolated to the conditions prevailing in the HDO ab-
sorption measurements, the D20 contribution to the absorption coef-
1 ficients at the highest water vapor pressure is .02 or .03 km=1 which ,

is less than the uncertainty in the experimental data.

E. HoC Absorption Measurements

-

Absorption of the 2-1 P(6), P(7), and P(8) and 3-2 P(6), P(7),
_ and P(8) DF laser lines by H20-air and Hp0-nitrogen mixtures was
{ measured. It was originally thought that water vapor absorplion would
be too small to measure accurately in the White cell at room tempera-
| ture. However preliminary spectrophone measurements[28] indicated
I higher absorption on some lines than had bean expected. It was there-
fore decided that with a very carefully performed experiment it might
be possible to measure the absorption directly using the White cell.

Ww,,w-m»wwmw. m
= g

Improvements in the White cell optics which were discussed

in Chapter II made it possible to increase the path length to 1.341

kilometers with only @ small increase in insertion loss. Also a new

pulsed Taser was constructed (described in Chapter III) which was

: primarily intended to eliminate RF noise emission. While testing the

I new laser it was also found that the average power was improved signi- {
ficantly over the earlier model. This made possible the use of thermo-

’ pile detectors which eliminated the need for detector linearity cor-
rection which had been a source of error with the measurements using
the lead selenide detectors. The thermopiles were carefully shielded
in styrofoam to reduce the effect of air currents and short term
fluctuations in room temperature.

i il 5 ol Lo

r
l In nrevious measurements the ratio of input power to output power -
for the evacuated cell and the cell filled with the desired sample had
been determined 'y making 500 separate measurements of the ratio over
about a one minute period and using the average as the final value.
The sample transmittance was then just the quotient of the ratio
obtained with the sample in the cell and the ratio obtained with the
cell evacuated. The absorption coefficient was then obtained by
dividing the negative of the natural logarithm of the transmittance
by the path length. f

T T

e e T AP

For the measurements of HDO, N»0, and CHy absorption it was
possible to measure the absorption coefficient at several absorber
concentrations and use least-squares curve-fitting techniques to
reduce the uncertainty of the measurements. This was not possible
for the Hp0 measurements however since the absorption ac the highest
water vapor pressure was still quite low.

The procedure used therefore was to repeat the measurement
of input to output ratio described above several times in a period
of a halr-hour. These ratios were then averaged to obtain a final

!
"i
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value. Also the ratio of input power to output power for the evacu-
ated cell was measured both befare and after the measurement of the
ratio for the sample. Transmittances could then be calculated using

2 each empty cell ratio separately or the average of the ratios. 'The
entire procedure was repeated two or three time: for each line, i.e.,
on different days and using (ifferent water samples.

The optical setup shown 11 Fig. 44 was used for these measure- l
ments. Measurements were made with a path length of 1.341 km, water
vapor pressure of 14.3 torr and total pressure including dry air
or nitrogen of 760 torr. Both dry air and nitrogen were used as
¢ broadening gases, and within error 1imits no difference in absorption
, coefficient was observed. Also there was no observable difference 4

between the transmittance of the evacuated cell and the transmitt- l
ance of the cell when filled with either dry air or nitrogen.

The water vapor sample was introduced into the cell from a
bottle containing distilled water attached to the sample-mixing mani- g
fold. When the water bottle was first attached to the manifold it i

a was pumped on for several hours to remove all dissolved gas. The
water bottle was heated about 5°C above room temperature in order
to speed the filling process. About 2% hours was required to fill
the cell with 14,3 torr of water vapor. The water vapor pressure i
was determined approximately using the mercury micromanometer as ;
the water vapor was introduced. When the desired amount of water '
vapor had been introduced, the cell was filled to 760 torr with
either nitrogen or dry air and the fans at each end of the cell were
turned on and the sample was allowed to mix over night, The actual
water vapor pressure was determined using the E.G. & G. Model 992

Dew Point Hygrometer at the time the transmittance measurement was
made.

The data are presented in Tables 11, 12, 13, 14, 15, and 16
for the 2-1 P(6), P(7), and P(8) and 3-2 P(6), P(7), and P(8) DF
laser lines. The ratio of input to output measured with the sample
in the cell is designated R:. The ratio measured for the evacuated
cell before the sample is admitted is BK:y and the ratio measured
| when the cell is evacuated after measuring the sample is designated

! BKi2

In Table 17 the average values for each line are compared with
the HUO measurements presented in Table 10 calculated H20 values
from Table 4, and H20 continuum values obtained using Burch's data[4].

On the 2-1 P(6) 1ine, the calculated H,0 absorption coefficient
is very small, and the measured 4DO absorption coefficient plus the
water continuum absorption coefficient determined from Burch's mea-
surements agree quite well with the measured Hyp0 absorption coeffici-

{ ent. Agreement is not as good on the 2-1 P(7) line although the
i measured HDO absorption coefficient added to water continuum -absorp-
tion coefficient obtained from Burch's measurements is certainly

S
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within the experimental scatter shown in Table 12. On the 2-1 P(8)

line agreement is again only fair, although here the difference might

be attributable to an error in the calculated Hp0 absorption coeffi-

cient. For the 3-2 P(6), P(7), and P(8) lines the measured H0

absorption coefficient is somewhat greater than the measured HDO

‘ absorption coefficient added to the water contiruum absorption co-
efficient obtained from Burch's measurements /Colum 4 in Table 17)

] in each case. For all three lines however the value in Column 4 of

Table 17 is within the experimental scatter shown in Tables 14, 15,

' and 16.

One conclusion to be drawn from the direct measurements of Hp0
| absorption presented here is that the water continuum absorption
obtained by extrapolating Burch's high temperature measurements is
probably correct. A series of carefully perfcermed spectrophone
measurements would be the best way to determine the water continuum
absorption accurately. This was beyond the scope of this study since
a CW DF laser was not available. The only spectrophone measurements
of the water continuum performed thus far{28] did not have the re-
quired accuracy due to experimental difficulties.

§
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F. Surmary of Molecular Absorption for the Eight Lines Studied ‘

“ ‘ Table 18 gives the contributjon to the molecular absorptior due
1 to each absorber at each of the 8 laser lines investigated for the
sea-level mid-latitude summer model whose parameters are given in
Table 3. The values listed are believed to be the most accurate
available at this time. For N0, CHa, and HDO the values given are
those measured in this study for those lines where they are available.
For CHgq, the absorption coefficients for the remaining lines are those .
{ obtained by Deaton, et al. [25] or the calculated values from Table 4.
For HDO, the absorption coefficients for the lines not measured in
this study are taken from the calculations in Table 4. For CO,, the
absorption coefficients are those obtained by Myers [30] except for
the 2 - 1 P(8) line which was measured in this study. The contri-
butions due to local water lines are obtained from the calculations
*n Table 4. The water vapor continuum absorption and the pressure
induced nitrogen contributions are those obtained by Burch [4].

e

i For each line the total absorption coefficient due to molecular .
absorption is presented. From the total molecular absorption coef- w
ficients the transmittance of a ten kilometer sea level path was ;
calculated for each line. These values are also presented in Table 18. '
The transmittance over a ten kilometer sea level path varies from
0.31 for the 2 - 1 P(7) line to 0.73 for the 2 - 1 P(8) line. It ;
should be pointed out that the actual transmittance through a real %
atmosphere would probably be lower than shown in Table 18 because of i

| aerosol scattering and absorption.
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TABLE 11

LINE AT 2680.179 cm™

HpO0 ABSORPTION ON THE 2-1 P(G% DF LASER

K (km™1)

0.074
0.074
0.073
0.080

0.074

0.J76

Avg.
K (Km=T)

\

v 0.075

r 0.075

T
R1/BKyy = 1.071/1.183 0.905
R1/BKyp = 1.071/1.182 0.906
Rp/BKy1 = 1.071/1.181 0.907
Rp/BKoo = 1.071/1.192 0.898

: BK11 + BKqp)

E Riy/\— 72— =1.071/1.1825 0.906

:

: , ,

{ ’ BKyy + BKy,

1 Ro/\ —— ’> = 1.071/1.1865 0.903

E

:

1

]

E_
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TABLE 12 f

HoO ABSORPTION ON THE 2-1 P(7) DF LASER
LINE AT 2655.863 cm-]

Avg.
T K (Km 1) K (km-1)
)
R1/BKyq = 1.055/1.196 0.882 0.094
1 Ry/BKj, = 1.055/1.204 0.876 0.099
i Ro/BKp1 = 1.033/1.204 0.858 0.114 ( 0.103

; Rp/BKpp = 1.033/1.211 0.853 0.119
E | R3/BK37 = 1.045/1.211 0.863 0.110 |
i R3/BK3o = 1.045/1.170 0.893 0.084 | ]
I
f/BKH + BKy1 \ .
: R]//\"““ﬁ‘“"" = 1.055/1.200 0.879 0.096 %
- g
BKp1 + BKyo |
R2/42—“—77———" = 1.033/1.208 0.855 0.116  0.103 B
1 BK3q + BK3p ;
R3/«}-5£L7;———-1) = 1.045/1.191 0.878 1.097 1
J L
|
4 E
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TABLE 13 1
4 H,0 ABSORPTION ON THE 2-1 P(8) DF LASER |

LINE AT 2631.068 cm~! :

Avg.
T K (K1) K (km~1) i

Ry/BKyp = 1.422/1.499 0.949 0.039 \ | 3

Ry/BKyp = 1.422/1.484 0.958 0.032 L :

0.0376 1

Rp/BKpy = 1.414/1.484 0.953 0.036 |

= i) 1I

Rp/BKyy = 1.414/1.498 0.94 0.043 |

BK11 + BK12 |

B e B 1.422,1.492 0.953 0.036 ﬁ

:

0.038 i

' BKyq + BKoo ’
Rz/%}-gl'j——“i) = 1.414/1.49] 0.948 0.040 A

k-

|
‘ 1
E

2 -

; b
i
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TABLE 14

H,0 ABSORPTION ON THE 3-2 P(6) DF LASER
LINE AT 2594.198 cm™

Avg.
T K (km1) K (km-1)

!
Ry/BK17 = 1.151/1.230 0.936 0.050
Rp/BKpy = 1.182/1.336 C. 885 0.091
Ro/BKpp = 1.182/1.329 0.889 0.087
R3/BK3y = 1.248/1.329 0.939 0.047 ¢ 0.059
R3/BK3p = 1.248/1.329 0.939 0.047
F Rq/BKq7 = 1.296/1.357 0.955 0.034
E Rq/BKgp = 1.296/1.392 0.931 0.053 |
Ry/BKq7 = 1.151/1.230 0.936 0.050
BKo1 + BKy» )
R, —————5—————j) = 1.182/1.333 0.887 0.089
BKgq + BKg, 5
Ry [l——5—") = 1.248/1.329 0.939 0.047 0.057
BK,, + BK
g1 * BKgp
R4/(———7—) = 1.296/1.375 0.943 0.044
£
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TABLE 15

H,0 ABSORPTION ON THE 3-2 P(7) DF LASER
LINE AT 2570.522 cm-]

: | Avg.
é T K (km™1) K (Km=1)
b
F \
F | Ry/BKyy = 1.324/1.389 0.953 0.036
4 | Ry/BKy, = 1.324/1.397 0.948 0.040
E Ry/BKyy = 1.357/1.428 0.950 0.038
R,/BK,, = 1.357/1.422 0.954 0.035
l 2're2 © 0.035
Ry/BKyy = 1.357/1.422 0.954 0.035
| Ry/BKy, = 1.357/1.403 0.967 0.025
:
Ry/BKyy = 1.355/1.417 0.956 0.033
R,/BK,, = 1.355/1.420 0.954 0.035
4/ 845 )
BKY1 * BKyp )
Ry \——=—=] = 1.324/1.393 0.950 0.038
Koy + BKzz\
R [\ = 1.357/1.425 0.952 0.036
0.035
BK3) + BKy, f'
P3fA——5—] = 1.357/1.413 0.96] 0.030 |
BK.1 + BK
Rg//<-—ﬂl—3r——lﬂ%) = 1.355/1.419 0.955 0.034
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TABLE 16

Hy0 ABSORPTION ON THE 3-2 P(8) DF LASER
LINE AT 2546.375 cm™|

: Avg.
T K (k1) k (km-1)

Ry/BKqq = 1.352/1.422 0.951  0.038 )
Rp/BKp7 = 1.394/1.469 0.949  0.039
Rp/BKpp = 1.394/1.429 097 0.018 b 0.029
Ry/BK37 = 1.383/1.429 0.963  0.024
Ry/BKgp = 1.383/1.432 0.966  0.026
N
Ry/BKyy = 1.352/1.422 0.951 0038 |
BK,y + BK
21+ BKap .
Rg/<-—-——§-——) st 096 0.029 [ 0.0
By + BK
R3/(——3—]—7——3-2—) Sl 087 0025
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3 " RS D X S 1 s
g

. e

Line

1

(a) From Burch [4]

o R mwx"

2 3 4 5
| H?ﬂ HDO H20 (a) H20 |
| calc &xpT cont. 1+2+3 measuTeﬁ
(km=T) (km=") (km=T) (km-1) (km=1)
2-1P(8) 2.24x10"%  5.24x1072  2.12x10°2  7.38x10-2  7.5470-2
2-1P(7) 4.4210°  9.54x10-2  1.93x102  1.15¢10-1  1.03x10-] :
2-1 P(8) 4.73x10-3  6.00x10"3  71.78x10-2 2.85x10-2  3.8x10-2 r
£ :
3-2 P(6) 3.54x107%  1.74x10°2  1.68x10°2  3.46x1072  5.7x10°2 :
-
. 3-2 P(7) 4.69x107°  8.6x1073  1.74x102  2.60x]0-2 3.5x10-2 3
i 3-2 P(8) 4.44x10-5  2.46x10°3  1.86x10°2  2.11x102  3.1510-2 j
;j

|

e e RS e
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CHAPTER V
SUMMARY

The purpose of this study was to determine, as accurately as
possible, the absorption of DF laser radiation by atmospheric qases.

Computer programs were written which can be used to calculate
the absorption of radiation by atmospheric gases from the AFCRL
Line Compilation [3]. Using these programs, absorption coefficients
for all the DF laser lines and all the atmospheric absorbers were
calculated. These calculated absorption coefficients were used to
plan experiments to measure accurately the absorption coefficients
for selected DF laser lines. Lines selected for study were the 2-1
P(6), P(7), and P(8) lines and the 3-2 P(6), P(7), and P(8) Tines.
For these lines absorption coefficients were measured for N0, CHg,
C0p, HDO, and H20. For a given laser line, the absorption coeffic-
jent was measured for those gases which were significant absorbers
at that frequency, and not necessarily for all gases. In addition
to the lines listed above, the NoO absorption coefficient was mea-
sured for the 2-1 P(10) and P(]]% lines since they were the only
other DF Tlaser lines for which N,0 absorption was significant.

The results of the measurements were compared with the cal-
culations and with results obtained by vther workers. It was
found that the calculated values for the N20 absorption coefficients
agreed very well with the measured absorption coefficients. For
the other gases the agreement between calculation and measurement
was not as good, although in most cases the calculations and mea-
surements were of the same order of magnitude. For CO, the calcula-
ted absorption coefficients are about 10-7 km-1. Myers [30] Zound
that the CO2 absorption coefficients were actually about 10- km=1.
The CO2 absorption coefficient was measured for the 2-1 P(8) line
and found to be of the same order of magnitude as that measured by
Myers. The discrepancy in the calculations is probably caused by
a weak isotope band which is not included in the AFCRL tapes. The
Hp0 absorption measurements confirmed that the values for water con-
tinuum absorption obtained by extrapolating the high temperature
measurements of Burch, et.al. [4] are close to the correct values.

The transmittance of a ten kilometer sea level path for the Mid
Latitude Summer model [16] was calculated from the most accurate
values of the molecular absorption coefficients for each of DF laser

145
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lines investigated in this study. The calculated transmittance
varied from 31% to 83% for a ten kilometer path. The actual trans-
mittance over a ten kilometer path in the real atmosphere would be
somewhat lower since attenuation due to turbulence and aerosol scat-
tering and absorption has not been accounted for.

Further work in this area should include an extension of these

measurements to other DF laser iines and measurements over a range of

total pressure and temperature. There is also a need for carefully

performed spectrophone measurements to more accurately determine the
water contiuum absorption and the

146

pressure induced nitrogen absorption.
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APPENDIX A

UNITS AND CONVERSION FACTORS USED IN MOLECULAR
ABSORPTION CALCULATION PROGRAMS

The information i1 this appendix has appeared in
earlier reports [32,33]. It is presented here for complete-

2
2

? ' ness and easy reference,
B | . .
. A, Basic Equation for Lorentz Line
1 {
:
@.
5
: (136) an T = - ku
: where T = transmittance
4 u = absorber concentration
4 k = extinction coefficient
]
é and
S. a.
(137) k = ]
v ; n[(v—v-)z + a-z] §
. i i ;
where Si = line strength i
v = wavenumber
| v; = line center wavenumber

a, = half-width at half intensity.

B, Units of S and u

1. It is necessary to specify the units of S and u so :
that the product ku is dimensionless. f

It has been common to use different units for €02 and
other gases and for water vapor, Recently, however,
Calfee and otheis have begun to use similar units for
all gases. A1l of these units will be discussed.
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Units of S

' Hy0: S is in em-'/gm cm~2
(pr-cm and gm cm=2 are the same)

C02: S is in cm'1iatm-cm.

Hp0 and COp (uniform system): S is in cm-1/molecules
-2
cm—e.

3. Units of Absorber Concentration, u .

Hy0: gm an? or pr-cm

e -4
; 288.34 x 10 pHZO,torr Lmtr
s (138) Uy o = 0% = T PP SED:
2 OK
|
- for reference
’ {
1.0s821 x 108 p, o Lo |
| ’ .
(129) PH.0 = : gn/cn’ I
= H,0 1T+ 00367 T
o s
| |
i Co,:  atm-cmy !
1 oy .
Uy = Ppen X 2.
; CO2 CO2

It is necessary to specify the temperature since pressure
depends on temperature through the gas law p = NkT,
g, 3 Pco is CO2 pressure in atm. at To'

2

———

2 = path length in cm.

Hoe

H,0 and CO, (uniform system): mo]ecu]es/cm2
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4. Conversion factors between separate
and uriform system[ 34].

(140) u[atm-cmSTP] x 2.689 x 1019 = u[molecu]es/cmz]

(141) ulpr CmH20] x 3.34 x 1022 = u[mo]ecu]es/cmz]

20

(142) So[cm'1/atm-cmSTP] x 3.72 x 10°°" = So[cm']/molecules cm'z]

23

143) S [cm'1/pr em] x 2.991 x 10°°° = § [cm"]/molecules cm'z].

It is most convenient to have one computer program for all
gases. Thus, the uniform system is to be recommended.

C. Conversion of (atm—cm)STP to molecules
-2
cm “[16]

The molecular weight, M, of any gas in grams occupies
22.4136 liters at STP [12] so one cm3 of any gas at STP

weighs

———fl-————ji grams.

2.24136x10
Since 1 atm--cmSTP is equivalent to one cm of gas at
STP per cm?

(144) 1 atm-cmgp = . S gm cm‘zq
2.28136x10%
Avogardro's number [351 car be used to compute the number,
n of molecules per cm3 of any gas
. 6.02252x10°3 10 3

(145) 7 = 2.687016x10' " molecules cm ~.

2.24136x10

Hence the desired result is

J146) 1~0ﬁe atm-cmst?.= ?:5?70x10 molecules cm2

19

149




A

s o Rl s

B e

Giann Sxaemasiasi

e et

D: Conversion of Precipitable Centimeters of Water
to mol cm-2]6]

> M _ _18.016

(147) 1 atm-cm 0° 3 )
2.24136x10 2.24136x10

STP,H

4 2
(148) 1 atm—cmSTP,H o = 8.03798x107" gm cm™“.

2

Using the constant developed in paragraph ¢, above we have
the desired result,

(149) 1 pr-cm = 3.3429x70%2 mol cm™2

E. Partial pressure of Water Vapor from
Density and Temperature]36].

From the refercnced tables we have the relation

10% p, /760

(150) e I m'3
where
(151) a = veight of one cubic meter of dry air at 0°C
and 760 torr = 1,29278 kg.
(152) § = density of aqueous vapor relative to dry

air = ,62168

(153) = partial pressure H,0 in torr

pa
(154) a

= coefficient of expansion of air for 1°C =

.00366.
Rearranging we have the desired result

(155) Py = .9456 (1 + .00366 T) o torr

where T = temperature in deg C

il

water vapor density in gm/m3
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F, Precipitable centimeters Hy0 from partial

pressure, temperature, and path 1crgth

(156) w=pt
Using the relation from paragraph C,
1.05821 p_ - 107° > '
\ - 1
(157, " T T 00367 (T, - 273.13) 10
whe re % s the path length in meters

Py is water vapor pressure in torr.

E ' Since the third term in the denominator is nearly unity,
we can write

=5 S :
1 (158) {w - 2.883#x10 I

cakians

G. Conversion to atm-cmSTP from pressure,
path length, and temperature of sample[16]

S
R L A R T T v S——

- _ 2P 273,13 a
atm-Chstp = 760 M ! !
(159) 3.5038x107) 3% ]
159 atm-cm = 3. X
ki | 8
| 2 ese g 1
where Pa = absorber pressure in torr :
£ = path jiength in cm
T = temperature in deq K. I
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H, Density computed from partial pressure,

1 P

i molecular weight, and temperature

This is of course ihe Geas Law

\ B L pu
e P -
| (160) o = 1.6035x107° 2 M gy cn

1 G NI - L o o e Sl e+ e 4 it e S

¥

where D_ = pressure in torr

FUPICFONISIP P B3

a
M = molecular weight
T = deg K.

I, Partial nressure of water vapor from
mixing ratio [14]

. P

(161) Pa = G2iga ¥+ torr

where r is the mixing ratio and P is the total pressure

l in torr. é
/'ﬂ‘.

From the data in the AFCRL models [16], one should -

compute mixing ratio as fcllows: 3

4

(162) PH,0 1

r = :

P = oy 28.9785 {

air W0 aE oIS E

Note that the constant .62168 in Eq. (7) is the ratio
of the molecular weight of water vapor to that of dry air at
STP, i.e., 18.0153/28.9795, see reference 35. In the
Smithsonian tables [36] che value used is 0.62197 apparently
based on older mulecular weight data.
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J. 0Ozone partial pressure from density for AFCRL
mid-Tatitude sumer modeT TT6T

" &

-5

1 (163) |p. = g-x 760 x E;Q_i_lg__i torr

: ey 1.191 x 10

) where d = air density at STP = 28.9785(35),

3 q = molecular weight of ozone = 47,9982 (35), .
1

and 6.0 x 10‘5 g/m3 is the density of ozone and 1.191 x 103
g/m3 is the air density, both at sea level, of the AFCRL mid-
latitude summer model. The result is 2.31 x 10-5 torr.
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APPENDIX B
! ABSORPTION CALCULATUN PROGRAM LISTINGS

| A. Single Frequency Calculation Program

A 1listing of the program is given on pages 156 to 167. The
) program was written to operate on the EiectroScience Laboratory
time-sharing system and contains some statements which are incom-
patible with other computer systems.

In 1ine 34 the statement OPTIONS 32K allows the program to
use over 60,000 words of program storage although the computer only
has 27,000 words of program storage available. The rest of the
storage is on disc and is swapped into the computer memory as needed.

In line 49, CALL ESC ($100) causes the program to branch to
statement 100 immediately if the escape key on the teletype is pressed.

The statement CALL COMDFL ($100) in 1ine 50 and the CALL
COMD(----) statements in lines 66, 73, 82, 96, 112, 119, 140, 162,
l 209, 306, 364, 384, 389, 405 are used to enable the user to branch
easily from one part of the program to another. When the "ALL
COMD(----) statement is executed the computer types < > on the tele-
’ type and waits for input from the user. The user responds by typing
a character string of 1-6 characters long and a carriage return,
The computer then branches to the first executable statement follow- ]
ing the CALL COMD(----) statement having the character string as its ¢
argument. For example if the statement CALL COMD(5HPRESS) in line {
66 is executed, the computer will type < >, If the user types PRESS,
the computer will branch to the statement in line 70. If the user
! types SUB, the computer will branch to the statement in line 86. For
another computer system a similar set of subroutines could be written,
They would have to be written in assembly language and would require
some knowledge about how arguments are passed to subroutines. Alter-
natively, a control routine could be written in Fortran which per-
| formed the same function using UF statements and computed GO TO
statements.

The CALL ASSIGN (----) statements in lines 185, 218, 353, and
399 are associated with the ElectroScience Laboratory timesharing
file system and are used to assign logical unit numbers to physical
devices or to disc files.
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The TPFILE and TPRKD subroutines called in lines 244 and 245
arc system subroutines which are used to skip files and records on

a magnetic tape.

For the single frequency caiculation program there is a limit
on the size of the frequency interval over which calculations may
be made at one time. This limit is caused by the size of the array
in which the absorption line data is stored (AD(4,5600) in line 40).
For a set of calculations covering the frequency range VL to VH,
the program requires all the data for absorption lines of the zorrect
substance with strength greater than SI.LOW in the frequerncy range
from VL - BOUND to VH + BOUND. For the ElectroScience Laboratory
computer system the maximum storage allowed for the program and the
data is 60,000 words. Tiis is enough room for the calculation pro-
gram and the data for 5600 absorption lines.

The data is stored in one 4 by 5600 array rather than four 560-
word arrays in order to increase the efficiency of the program on a

timesharing comnuter.
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PROGRAM NAMES LEVEL
COPYRIGHT 1975 THE 8HI® STATE UNIVERSITY

CALCULATES $INGLE FREQUENCYsLEVEL ‘PATH
ABSORPTION COEFFICIENTS,

PROGRAM AUTHERS: G, L. TRUSTY AND F, 5. MILLS
THE OHIO STATE UNIVERSITY
ELECTROSCIENCE LABSRATORY
1320 KINNEAR ROAD
CoLunsuS, BHIO 43212,

USABLE COMMANDS ARE PRESS, BROAD, NALFAs» ETAs ABSs
TEMP» LINESs EXEs ENDs DATA» SUB, STHRE. VARSRESULT.
avRy
CALCULATIBN CAN BE HADE FOR A MAXIMUM OF 175
FREQUENCIES, LAST ENTRY IN DATA FILE SHOULD BE 0.0
IF FILE CONTAINS FEWER THAN 175 LINES. FIRST
LINE MUST BE LOWEST FREQUENCY ANL LAST LINE HIGHEST.
avRgty
LOGICAL DEVICE ASSIGNMENTS FOR THIS PROGRAM
AFCRL LINE DATA TAPE (INPUT)
FILE CONTAINING CALCULATION FREQ@, (INPUT)
FILE 8F FREQUENCIES ANJ CALCULATED
ABSCRPTION COFFFICIENTS (AUTPUT)
»O0UT FILE (LINE PRINTER QUTPUT)
MSG»3271A (PROGRAM URITES TIME WHEN
OFF=LINE CALCULATION IS COMPLETED)
8 TELETYPE (OPERATER COMMUNICATION,
INPUT OR OUTPUT)
JJ oUTPUY DEVICE SELECTOR '6 oR 8)

QOO0 00DO00000000000000LOO0O
~N > « O

OPTIONS 32K
" LOGICAL FIRST,RWOUND, TELE
REAL MALFA
DIMENSION ICARD(5)sABS(S5)s1DATE(3)
COMMON JJ
DIMENSION Y(S5,175i,VL(175).BX(7),CX(7)oMA(7)0ITIN(3)
COMMON/Z/AD(4,5600),CAY
DATA ITTY/3rTTIY/,EOUND/20.0/2TEMPO/296.0/.8_3U/1E=26/
UATA MA/18,44,45,44,28,16,32/7,1YES/2LYES/
DATA CX/ 0625058,04550.5204520.5,0.5/
DATA BX/1,5:1.0501e541.051.021.55,1.0/

c
c PRINT LIST OF USABLE COMMANDS BN TELETYPE,
c
WRITE(8,2070)
CALL ESC(sI00)
CALL COrDFL($100)
c
c FLAGS USED THRU THE PROGRAM?
c FIRST == SIGNIFIES FIRST TIHE THRU THE PROGRAM
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OO0

[ N eNe]

100

150

OO0

200

HEHOOO

OO0

(s NeNelN WeoNoNel
(=]
=]

o0

RWUBUND ‘= DATA FILE HAS EEEN REWOUND
TELE ‘=== FREQUENCIES TO BE ENTERED ON TELETYPE

JJ=§
FIRST=,TRUE.
RUBUND= FALSE,
TELE=.TRUE.

WRITE DATE AND TIME 6N THE TELETYPE,

CALL CLoCK
Ge T0 150
CALL COMD(SHPRESS)

READ THE TeTAL PRESSURE IN TORR,

WRITE(8,2000)
READ(&,-)P1
IF(FIRST)GO To 200
CALL COMD(4HTEMP)

READ THE TEMP IN DEG F.

REVIND O
RWOUND=,TRUE.
WRITE(8,198))

REA) (8,-)TF
IF(FIRSTIGO To 300
CALL COMD(INSUB)

GET SUBSTANCE 1D NUMPER

WRITE(8,3020)
READ(8,-)NSUB

GET ISOTOPE INFORMATION

WRITE(8,3030)
READ(8,-)]808T07
IF(FIRST)GO T3 400
RWOUND=.TRUE .
REWIND 0O

CALL COHD(3IHABS)

READ THE ABSORBER PRESSURES IN TORR, 5 MAXIMUN,

WRITE(8,2010)

NTORRS IS THE NUMAER BF ABSORBER PRESSURES T8 BE USED.

READ(8,-)NTORRS
IF(NTCRRS,GT<5INTORRY=S
WRITE!8,2020)

ABS(1) ARE THE ABSORBER PRESSURES IN TYORR
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109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
123
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
t49
150
151
152
153
154
155
156
157
158
159
160
161
162
163

P00 nROOO

o
o

s N RvNeNeNeNsNel

650
690

700

(e Ne Nyl

NOOOO

730
740

READ(84=) (ABS(1),1=1,NTORRS)
IF(FIRSTIGO T8 500
CALL COMD(SHEROAD)

READ THE SELF-BROADENING COEFFICIENT,

WRITE(8,1990)
READ(8.=)BROAL
IF(FIRSTIGA T8 ¢QO
CALL COMND(SHNALFA)

READ THE NUMRER OF HALFUJDIHS WHERE LINE SHAPE
MODIFICATION TAKES PLACE.

WRITE(8,1970)
READ(8,=)NALFA
IF(FIRSTIGO T8 700

CALCULATE CNORM, THE NORMALIZING FACTOR FAR MODIFIED
LINE SHAPE. SEE MILLS NOTEBOOK =4320 PG 104 FOR DETAILS.
NOTE IN THE FOLLOWING LINES THAT CNBRM IS COMPUTED

AT TUWO PLACES, THIS MUST EE DONE IN QRDER F3R THE
TIMESHARING COMN  FUNCTION TO WORK PROPERLY FOR

BOTH NALFA AND ETA,

IF(ETALEQ,2.)1G8 TO 650

CNORM®I 14159/ (2. (ATANINALFA)+NALFA/({(NALFA®NALFA+L Y ?
F(ETA~1.))))

GoTe 690

CNORMNal,

CALL COMD(IHETA)

READ THE MODIFIER POUER (ETA),

WRITE(8,19€60)
READ(8+=)ETA

CHECK To SEFE IF ETA 1S LESS THAN ONE,

IFLETA.GY, 1,060 T8 7i0
WRITE(8,2050)
G0 7O 700

CALCULATE CNORM, THE NORMALIZING FACTOR FYR MADIFIED
LINE SHAPE. SEE MILLS NOTEBOOK =4320 PG 104 FOR DETAILS,

IF(ETALEQ,2.,1G0 TO 730

CHORMZI (14LSG/ (2. LATANINALFAY#NALFA/Z((NALFASNALFASL ) »
LETA=1.)))) .

GO0To 740

CNORM=1,

IF(FIRSTIGA Te 800

CALL COMN(SHLINES)
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% ! 164 c READ CALCULATION FREOUENCIES INTS Vi, 175 MAX[MUM.
: i 165 c
1 166 REWIND ©
167 RUBUND=, TRUE .
& 168 TELE = .TRUE.
j 169 CLOSE 2
. 170 c
. 171 c ARE FREQUENCIES T® BE ENTERED ON TELETYPE
3 172 c
1 173 800 WRITE(8,1020) '
. 174 READ(8,1030) 1IN .
- 175 IFCIINGNE, ITTY)TELE=,FALSE,
. 176 IF(TELEIGD TO 15%
177 c
| 178 c REQUEST LOCATION OF FILE WITH CALCULATION FREQUENCIES
179 c LAST LINE OF FILE MUST BE 0.0 [F THERE ARE FEWER THAN
- 180 c 175 CALCULATION FREQUENCIES.
181 c
182 WRITE(5,1000)
183 READ(8,1010)F [LEL
184 READ(8,1010)USERL
185 CALL ASSIGN(FILEL,USERL»2)
186 LUNIT=2
187 GO T® 160

188 155 LUN[T=3
189 160 CONTINUE

190 IF(LUMIT.ED-8;URITE(R,2030)
191 c
192 c IVL IS THE NUMBER OF CALCULATIEN FREQUENCIES USED.
193 c
194 IF{LUNIT.EQ.B)READ (8, =) IVL
195 IF(LUNIT.FQ.8)URITE(8,2040) .
196 IFILUNIT.EQ.2)IVL=1T75 4
197 D8 110 [=1,]VL 3
198 IF(LUNIT.EQ.B)WRITE(8,1950)1 3
, 199 c
200 c CALCULATION FREQUENCY FILE MAY KAVE BAND ID*S FO° USE WITH
201 c REPORTL3I2717T
g 202 ¢ ;
203 READ(LUNIT»3000)VL(]) !
| 204 JOVO0 FORMAT(FI3.0) ]
| 205 IF(VLII)EQ.N.0)CO To 130 & i
206 110  CONTINUE |
207 130 Ivial=~1 F
208 IFIFIRSTIGO Te 900 I
209 CALL COMD(4HDATA) ;
210 RUBUND=,TRUE . ;
211 c i
} 212 c REQUEST LOCATION OF LIMNE DATA ;
213 c 1
214 900  WRITE(8,950) 1
215 WRITE(8,1001) |
216 REALIBL101C)IFILED
217 CLOSE n
218 CALL ASSIGN(FILED»0.0,0)

— e
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| |
219 c i
220 c GET THE FILE AND RECOFD NUMBERS ON THE TAPE |
3 221 c WHERE THE PERTINENY ABSORPTION DATA S LOCATED.
222 c |
223 MRITE (8,3010) {
| 224 READ{8,=)NFILE-NRKD
225 NF ILESNFILE=}
226 NRXKD®MRKD=~1 ,
227 840  [F(,NOT,FIRSTIGO TO 115
) 228 c
229 c SHOULD CALCULATION BE PERFORMED OFF~LINE 2
Yy 230 c !
] 231 WRITE(8,3(40)
; 232 READ(8,1030)1DUM }
! 233 IFLIDUMLEG.TIYES)ICALL DEASSN
| 234 FIRST=,FALSE.
235 o
2 236 C J IS YHE TOTAL NUMBER 8F SUBSTANCES 76 BE CANSIDERED.
237 c SET NUMBER ECGUAL 1 FAR NOW
238 c
239 850 J=g
240 c
241 c POSITION DATA TAPE,
242 c
243 REWVIND O |
: 244 CALL TPFILE(DLNFILE)
' 245 CALL TPRKD{OaNRKD) :
246 1 =0 |
| 247 ¢ .
2148 ¢ READ DATA FROM AFCRL LINE DATA TAPE,
1 249 c FOR LINE J» AD{(1,{) IS THE FREQUENCY, AD(2.1) 18 /
250 c THE LINE STRENGTHs AT(3s1) IS THE HALFWIDTH, AND ]
251 C AD(4,1) 1S THE ENERGY OF THE LBWER STAYE OF THE R
252 ¢ TRANSITION. {
253 c 8
254 6o T8 22 i
| 255 20 CLOSE ©
25¢ G0 TO 23 _
4 257 c ;
258 c CHECK FOR SLOW |
259 c -
260 21 TFC(ADC 51D LT oSLOU) (BR.(ADI1,1) LT .VL(I)=BOUND) ) Im]~1
{ 261 IF(AD(1.1)GTLVL(IVL)*BOUNDIGO TO 27
262 22 Ix1+4
i 263 IF{1.6T7.56001G8 TO 27
) 264 23 READ(O»3,END=20) AD(1,1),A0(2,1),AD(321)sAD(4,1),15TOP.NABS H
265 c g
266 § CHECK FOR PROPER SUBSTANCE AND ISOTQPE. '
267 c
| 268 IF{NABS  NE.NSUBIGO T® 23 ;
269 IFLISETOP,EQ.0IGO TO 26 i
270 IF(ISBTOP,NE.ISTOP)IG TO 23 .

271 26 IF(AD(1,1))28,27,2%
272 27 ICARD(J)m1~}
273 CLOSE O
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274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
J28

[¢Ne Nyl

OO0O0O0 OO0

~
[

[
W

s NeNesNesNeNsNoNoNeNeNe N

Q00

RTISSIOT, b LIET e e TR Y

s, e L o

PeP1
ICRD= ICARD(J)

TEMP IN DEG X I8

TEMP®S /9,2 (TF=32.)¢273.2
ICRD=ICARD(J)

11=]CARU(J)

[7=1

CALCULATE TEMPERATURF CORRECTION CONSTANTS,

CS1m(TEMPA=-TEMP) /({TEMPA*TEMP*,6951)
CS2=(TEMPO/TENMP) #»*BX (NSUB)
CA=(TEMPA/TEMP)#sCX(NSUB)

CALCULATE THE [OPPLER KALF-WIDTH DIVIDED BY FREQUENCY

DN2wALOG(2.)
ALFAD®3 . S812E-7«SQRT(TEMP/MACNSUB))

CHANGE THE STRENGTYHS AND WIBTHS 10 NEW TEMPERATURE

pe 71 Is=l,114
AD(2s1)mAD(251)2CS2*EXP(~AD{4,])eC81)

PRESSURE CORRECTION TO0 HALFMIDYH (CA) IS MADE
IN ABSVO2 SUBROUTINE.

AD(3.1)=AD(3»1)0CA
CONTINUE

Ge T0 116

CALL COMD(JIHEXE)

NOTES IF EXE COMMAND IS GIVEN AFTER COMPLETION
OF A CALCULATION WITH NO VARIABLE CHMANGES, THE
CALCULATIGN WILL BE REPFATED WITH SAME DATA AND
IF ON=LINE ENTER CUTPUT DEVICE NUMBER WILL BE
PRINTED ALMAOST IMMELIATELY LEADING USEP T THINK
THAT N® N=W CALCULATION HAS TAKEN PLACE. IF NEW
DATA 1S WANTED DUE E.B. TO SUSPECTED TAPE READ
PROELEM, GIVE DATA CAMMAND FIRST WWICH ~ILL CAUSE
TAPE T® BE REWOUNL AMD READ AGAIN.

WRITE(8,3040)
READ(B,1030) IDUM
IF{IDUM.ECLIYES)CALL DEASSN
IF{RUOBUND)IGO T9 850

IFCIDUM FQ.IYES)GS To 116
CONTINUE

D8 S0 I=1-IvL

DB 85 M=1,NTORRS

FOR A ONE KM PATH THE ABSORBER AMOUNT
IN MOLECULES/CM2 IS
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e
]
#
E
E
:
E
:
u

AR .

-

By i S

snre

S

J29
330
331
332
333
334
335
336
337
338
339
J40
34}
Ja2
J43
344
4%
J46
347
J48
J49
350
351
352
353
354
355
356
357
358
359
360
J61
362
363
J64
365
J66
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

Qoo o

oO0O00000

90

s Xy Ry Nel

AOO0O00O00

OO00O0000O00

120

W om 733952E224(ABS(M)/760,/TEHP)ILES
EFFECTIVE PRESSURE IN ATM S,

Ps(P1+4(BROAD=1,)wABS(M))/760.

vavLil)

CALL ABSVO2(V,BBUND,17.1).7>NALFASETA,ALFAD)
CAYWUmCAYwUeCNORM

CAYW DBES NBT RAVE UNITS. 1T EQUALS (N

0F TRANSMITTANCE.

Y(M,y) WILL BE USED F8P THE ABSORPTIBN COEFF
IN KN-1, 1.E. LN(T)/1.0

Y(M,1)m+CAYU/ 14000
CANTYINUE
CONTINUE

YRITE MESSAGE IN MSG,3271A TELLING WHEN THE CALCULATIGON
1S FINISHED,

CLOSE 6

CLOSE 7

CALL ASSIGN(4HMSG »5H3I271A,7)
CALL GETDAT(IDATE)

CALL GETTIM(ITIN)
WRITE(7,3050) ITIN-1DATE

CLOSE 7

WHEN REASSIGNED AFTER BFF-LINE CALCULATION PROGRAM
WRITES EXECUTIVE SIGN (<«3), RESULTS MAY
THEN BE OBTAINED BY USE OF STGRE COMMAND
(ABBREVIATED VERSI®N) BR RESULT GOMMAND.

CALL COMD(6HRESULT,O)

WRITE BUT FINAL ANSWEPS IF CALCULATI®N
IS BON-LINE &

SHOULD CALCULATI®N RESULTS BE PRINTED
ON TELETYPE OR WRITTEN ON ,OUT FILE ?

WRITE(8,1940)
READ(8,=)JJ
CALL CLOCK
WRITE(JJ, 13)BXINSUB),CX(NSUB),BBUND,SLBW, ICARD(J)
WRITELJJ,206() CNURM
DO 666 J=1,]1VL
WRITE(JJI»1200VL (1), (288(K)Y(KsI)sKa},NTORRS)
FORMAT({/® AT THE FRENUENCY*F10.,3//
12 ABS *8X2K2€X/” TORROEX?]/XNM*
221(/1X,0PF6,2,1PEL11.3))
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383 666 CONTINUE

384 CALL COMD(3HVAR)
385 c
386 ¢ PRINT LIST 6F PROGRAM PARAMETERS 6N THE TELETYPE
387 c
388 WRITE(8,3060)P1,ABS{1),TFoNALFALETA,BROAD, NSUB, ISOTOP
389 CALL COMD{SHSTORE)
390 c
391 c NOW WRITE PARTIAL DATA, IF DESIRED, FOR USE IN FURTHER
‘ 392 c DATA REDUCTION PROGRAMS.
' 393 c
. 394 WRITE(8,4000)
- | 395 WRITE(8,1000)
E. | 396 READ(8,1010)FILES
E 397 READ(8,1010)USERS
N 398 CLOSE 3
3 399 CALL ASSIGNIFILES.USERS,3)
A 400 D8 10 I=1,1vL
1 401 WRITE(3.2080)0VL(I),Y(1.1)
g 402 10 CONTINUE
: 403 CLOSE 3
1 404 RWOUND= ,FALSE,
~ 40s CALL COMD(3HEND)
i 406 CALL EXIT
. 407 1 FORMAT(6E10.4)
. 408 3 FORMAT(2F10.4,F5,2,F10.2,38X214,13)
; 409 13 FORMAT(® BX=®FS,2/°% CX =®FS5.2,/
] 410 2% BBUND =2F7.2/,% SLaY w=*
411 JEY424/% NUMBER BF LINES USED =2,15/)

412 950 FORMAT(® WHERE IS THF LINE DATAZ?)
413 1000 FORMAT(® ENTER FILE AND USER NANE BN TUS LINES.2/)

414 10C1  FORMAT(2ENTER MTO &5 MT1 °7) .
415 1010 FORMAT(AG) K.
416 1020 FORMAT(® UILL CALCULATION FREQUENCIES BE READ FROMN® -
417 2 A FILE BR THE TTY 7°) 3

418 1030 FORMATIAJ)

419 1970 FORMAT(® ENTER BUTPUY DEVICE NUMBER,.#)

420 1950 FORMAT(]3,2H =)

421 1960 FORMAT(® ENTER MODIFIER POUER.?)

i 422 1970 FORMAT(® ENTER MODIFICATIGN LOCATION IN HALFWIDTHS,?)
423 1980 FARMAT(® ENTER THE TEMP IN DEG F.®) 4

424 1990 FORMAT(® ENTER THE SFI.F-BRBDENING COEFFICIENT,.?) -
425 2000 FORMAT(® ENTER THE TSTAL PRESSURE IN T6RN,.?)

‘ 426 2010 FORMAT(® 44U MANY ARSORBER PRESSURES WILL HE USED?*})
427 2020 FORMAT(® ENTER THEM AN ONC LINE. FREE FORMAT,.?/)

428 2030 FORMAT(® 1OW HANY LASER LINES WILL 3F USED?2*)
429 2040 FORMATI® ENTER THEM ANE PER LINF IN INCREASING @RDER,.?/)
| 430 2050 FORMAT(*MeDIFIER POWER MUST EE STRICTLY GREATER THAN 11°)

Sl e A

| 431 2060 FORMAT(® THE NORMALIZATION FACTOR = » ,F5,3)
432 2070 FORMAT(® COHMANLS ARE */ .
433 2° PRESS, ABS» TEMP, NALFAs ETAs LINES, BROAD, 3
434 3% DATA, EXE, END, SUR., STORE. VARSRESULT.2//) ;
435 2080 FORMAT(IX,FIC,3,1PE12.3) 4
435 3010 FORMATI®ENTER TAPE START PBINTIFILE NUMBER AND RECORD MO.*) ?

437 3020 FORMAT(’ENTER I[ NO, OF ABSORBERe/

| i
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] 438
439
440
| 441
442
443
444

446
447
448
449
450
451
452

~

454
455
458
457
458
459
460
461
462
. : 463
l [ 464

465

467
468
469
470

472
473
474
l
476
477
478
479
480
481
482
483
484
485
4 486
487
408
489
490
494
492

s e

e it L

3030

3040
3050
3060
40C0

OOO0O

OOOOO0

12

14
15

19
17
25

o000 OO0O0 O0O0O0

OO0

i s - THRRE T 2 Ve g VR (e

e

2 » y=mp20 2%C02 =85 4=N2@ 5%CO 6=CH4 7?2027/}
FARMAT(® ENTER NUMRER 8F DPeSIRED ISOTOPE.*/

1  [F ALL 1SeTrpES ARE DESIRED ENTE! 0.°)
FORMAT(?DN3 YOU WISK TH PUN OFF=~LINEZ2)
FORMAT(*CALCULATION FINISHED AT 23A32, *3AJ)
FORMAT(/F6.151PE11.2s0PF7.10F7.1.F7,2,F6.1214,16/)
FARMAT({*WHERE WILL NATA BE STORELZ*)

END

THE FOLLOVING SURROUTINE CALCULATES THE
ABSORPTIEN COEFFICIENT.

SUBROUTINE ABSVA2(V,A0UNDS17»11,PsNALFASETA,ALFAD)
REAL NALFA
CAMMOMN/Z/AD(4,5600),CAY

THE TJO FOLL®WING LOAPS DETYERMINE WHICH ABSARPTIAN
LINES VWILL BE USED T® CALCULATE THE ABSORPTION COEFFICIENT
AT THIS FREQUENCY.

I5=1

16=11

0 14 Is1,11
IF(V=-BOUND=AD(1,1))12,12,14
15=]

GO T0 15

CONTIHUE

DO 19 K=]17,11
IF(V+BAUND=AD(1:K))17,19,19
CONTINUE

16 = K- = |

CAY1=(.0

CAY2=0,0

CAY3=0C.0

DN2=ALOGI(2.)

DN1=SGRT{DN2)

THE FELLAWING LABP SUMS THE CONTRIBUTIONS FROM
ALL THE AGSBRPTION LINES.

D8 46 1-15,16
YeABS(V~ADI1s1))

THE FOLLOWING INSTRUCTION CORRECTS TWE LORENTZ
HALFUIDTH FBR PRESSURE.

PT=AD{3,1)8P
THE FOLLAWING STATEMENT CALCULATES THE DBPPLER WIDTH,

ALFD=AD(1, 1) *ALFAD
XVEON1»Y/ZALFD

IF ABSORPTIAON 1 {NE IS FAR AWAY FROM CALCULATION
FREQUENCY, US" LORENTZ SHAPE REGARDLESS OF PRESSURE
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]
493 c 3UT IF LORENTZ HALFWINTH IS LESS THAN FIVE TIMES
1 494 c THE DOPPLER hALFVIUTH, USE YOIGT LINESHAPE.
1 495 c OTHERVISE USE MBD'FIFD LORENTZ SHAPE,
496 c
497 IF(XV.GE.300.) GO To 53
1 493 IF{PT/ALFD.GE,5,)1G0 TO 50
499 YVsPT/ALFD#DNY
500 c
501 ¢ CALCULATE THE VOIGT SHAPE
\ 502 c
503 CAYI=CAYI4ADI241)*DN1/ (SQRT(3.141592) ¢ ALFD)aVOIGT XV, V)
) 504 O TO 46 '
; 505 50 AVAY=HALFA«PT
{ 506 IF(Y~AUAY)36,36,42
{ 507 c :
] 508 c CALCULATE THE LORENTZ LINE SHAPE FOR V NEAR LINE CENTER
© 509 c
) 510 36 SUMI=AD(2, 1)ePT/(Yew24(PT)ev2)
51} CAY1mCAY14SUM]
512 GO TO 46
513 c
514 c CALCULATE MODIFIED LINE SHAPE FOR V)NALFAeAD(3.])ep
515 c
516 42 AUAYSOmAUAYeALAY ‘
517 CK2mAD(2s 1) 2PT/(AWAYSQ+PTepT)
518 SUM2=CK2e (AUAY/Y) e eETA
519 CAY2=CAY2+3UM2
520 46 CONTINUE
521 c
: 522 c SUMMATION OViR ALL LINES
; 523 ¢ :
| 524 CAY = 0,3183¢(CAYL + CAY2+CAY)
525 c :
526 c \BSORPTION COEFF.s CAY, HAS UNITE OF (MOLsCH=2)~f A
527 c .
i 528 RETURN
529 END
530 C T «:
531 c THE FOLLOWING SUBROUTINE WRITES THE DATE AKD TIME ;
532 c ON BUTPUT UNIT JJ (,TELETYPE OR ,BUT FILE). -
533 c
534 SUBROUT [ 'E cLeck .
535 COMHON JJ %
536 JIMENSTION ITIME(3).IDATE(3) }
537 CALL GETDAT(IDATE) :
5338 CALL GETTIMIITIME) ! i
539 WRITE(JIS10) IDATESITINE ' '
540 10 FORMAT(® DATE °3A3° TIME *3A3/) 4
541 RETURN :
542 END )
4 543 ¢ j
Sd4 c THE FOLLOWING SUAROUTINE EVALUATES THE VOIGT ;
545 c PROFILE EXPRESSION, SUBROUTINE WAS PROVIDED ‘
546 c BY CHARLES YGUNG. ;
547 c 4

S P
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548 X FUNCTION VEIGT (XIN,YIN)
S49 DIMENS1ON RA(32).CA(32).RB(JZ).celszy.E(AA).Ax(S).Ants).thn)
550 l.HH(Z).XX(Z..AHz)
551 DATA HH /.8049141,.8131283€E~01/,%X /.5246A76,1.650680/5A
5%2 1 /0-0-.2.0.:-.1B4-0.0--1555‘a0.(‘-".121664a0-0.-57705165'1-0-'):"-5
553 2 6514125-1.0.0..36915735-1-0.0.-.zoa49765-1ao.n..)1196015-1.0.0:-
554 3 .56231905-2.0.0-.?6457635-2.0.0--.11732575-2.0.0..40995205-3.0.0
555 4 --.t933631£-3.a.0..7?2577FE°A.0.0.-.2565551E-d.n.o..@662074E-5.0.
556 S 0."-27576355'500-0- -856607‘E'600-0."-2515‘34E'6l0-0. -70936025'7/
557 AsXIN
558 YuYIN
559 X2uX X
560 Y2uyYeY
%61 1F (X=7,) 200,201,201
562 200 IF (Y~-1,) 202,202,203
563 203 RA{1)®3,
564 CA{1)=0,
565 RB(1)=1.
566 CB(1)=0,
567 RA(2)m=X
568 CA(2)mY
. 569 RB{2)mw,5-X24Y2
§ 570 CB(2)m=2,aX»Y
1 571 CB1wCE(2)
4 572 Uvis=0.
| 573 08 250 J=2.31
1 574 JMINUSwJ=]
575 JPLUS®J+1
576 FLOATJIwJMINUS
577 RB172.2FLOATJ+RB(2) )
578 RAL*=FLEATJ®(2,FLOATI=1,1/2,
. 579 RA(Jv11eP 1 eRA(JI=CRICA(II*RALARALI=1) |
580 CA(J+1)-naa-CA(J)+ce1-RA(J)*RAiaCA&JHINUS) i
{ 581 RE(J+1)mRAEPRB(JI=CE1*CB(J)*RA {*RB{J=1) |
582 CB(J#!\=WBI'CB(J)+CBI'PB(J)'RAI'CB(J-I) j
583 uv-(CAcJPLus)-RE(J=LUS)-RA(JPLUS\-CE(JPLUSt)I(RB(JPLUS)~-20 ﬁ
! 584 1 CB(JPLLS)SCBIIPLUSY) |
585 IF (ABS(UV-UV1)=1,E-61251,25C»250 L
! 586 250 UV1=UV E
587 251 VO1GTwUV/1.772454 . R
588 RETURN ' i
589 202 IF(X=2.1301,301,302 : i
590 301 AINT = 1, E
591 MAX®12,45,4X2 4
592 KMAXWMAX=] i
i 593 K8w0 ¥
; 594 08 303 K=KO,KMAX
595 AJSMAX=K 4
596 303 AINT=AINTe(=2,0X2)/(2.0A)+12¢1, F
597 Uu=2,0X+AINT
598 GO0 T0 304
599 302 IF {Xx-4.5) 305,306,306
600 305 843140,
601 B8(44)=0,

S
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. N

602
603
604
605
606
607
6038
609
610
6114
612

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
635
639
64C
64y
642
643
644
645s
646
647
6438
649
650
651
652
653
654
65S

307

306

308

J04

311
310

J12

318

314

313

315
317

320

204

330 FIBFLeHH(JY 27 (Y24 (X=XXUJII 0 (X=XXCI)IDV4RMHCINZ (Y24 (XXX (G IR (X+XX(I) D

r me e ST TSR e DY, TROE s N T e o T

W

Jude2

DO J307K=i,42
BlJ)Is,deax+B{J+1)~B(Je2)¢AL])
Jmj=1

U=B8(3)-8(1)

GO0 TO 304

AINT=1.0

MAX=2,440,/X

AMAXsMAX

DO 308 K=1.MAX
AINTSAINT# (2.0 AMAX=~1,)1/(2.24X3)¢1,
AMAX=AMAX=~1,

Um=AINT/X

Ve 772454 *EXP(~X2)

H=,02

JHUmyY/H

IF{JH)310,311,310

HaY

Z=0. -

L=0

DY(1)=0,

DY(2)=K/2,

DY{(3)=pY(2)

DY(4)=H

AK(1)=0,

AM{1)=0),

D6 313 J=1,4

YY=2+40Y(J)

UUusU+,Seag(J)

VVeV4+ Sedn(J)

AK(J+l)m 2.« lYYayUeXaVVY)eH
AM(J+]1)m=2 0] oXoJU=YY*VV)*H
IF(J=3) 313,314,313
AK(4)=2 02K (4)
AM(4)mAMI4)+AM(4)

CANTINUE

I=i ‘H

Leg +1

W - - & i i ke Culaban i e ]

UmU+ 1666667 (AK(Z)+2.#AK(3I)*AK(4)4AK(5))

IF(JH) 316,320,315
IF(L=-JM) 18,317,320
AJMnJH

HuY-AJMwH

Go T8 312
VOIGT=V/1,772454
RETURN

FiuQ,

pe 330 J=1,2

VEVe 1666667 * (AM(2)+AMITIvAMII)¢AM(4)+AM(S5)) %
1
i

1)
VBIGT=YeF1/3.1415927
RETURN
END
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B. Spectra Calculation Program

A listing of the program is given on pages 165 to 182. This
program was also written to operate on the Ohio State University
ElactroScience Laboratory timesharing system ard contains some of
the special statements described in Part A for the single frequency
calculation program. Not used are the ESC, COMDFL and COMD sub-

routines.

The data storage requirements are somewhat relaxed with this
program. At any given calculation frequency V, the computer re-
quires data for the absorption lines having a frequency between
V-BOUND and V+BOUND. There is storage in the prograi for data from
2500 absorption lines. Thus if BOUND is set at 20 cm-1, then there
may be no more than 2500 absorption lines in any 40 cm-1 interval.
The absorption line density per 40 cm-! interval on the AFCRL tape
is less than 2500 except near 9.6 microns where there are many ozone
lines. For calculating spectra in that region either BOUND must be
reduced or the calculation must be performed on a larger computer,

Some modifications have been maJje to the subroutine ABSVO3
which calculates the absorption coefficient at each freguency, so
that it operates faster than the subroutine used in the single fre-
quency calculation program or the subroutine ABSCOE written by
Deutschmann and Calfee [16]. Each time the subroutine is called,
it must first search the data storage array AD(J,K) t» determine
what range of K will cover the absorption lines with frequency be-
tween V-BOUND and V+BOUND. In ABSCOE (Deutschmann and Calfee) and
in the subroutine in the single frequency calculation program, this
search always starts at K=1. ABSVO3 was changed so the search starts
». +he values of K determined the last time the subroutine was called.
This saves time since the frequency is increased by only a small
amount each time the subroutine is called.

Note in proof: It has been discovered that for low-pressure,
this program can produce "glitches" in the final plots. The dif-
ficulty is associated with the transition from Lorentz to Voigt line
shapes within an individual plot. This in turn is controlled by the
program logic in statements 533 to 542 . Future versions of the
program will include a fix for this problem. Please contact
R. K. Long, Ohio State University ElectroScience Laboratory for
further information.
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PXOGRAM NAME® TRANSPLOY
COPYRIGHT 1975 THE OHI® STATE UNIVERSITY

THIS PREBGRAM CALCULATES THE LOG RF THE ABSORPTION
CCEFFICIENT VERSUS FREQUENCY FROM THE AFCRL LINE DATA
TAPE. GUTPUT IS IN A SERIES OF PLOTS TEN INCHES WIDE,

PROGRAM AUTHORS: G, L. TRUSTY AND F, S. MILLS
THE OHI® STATE UNIVERSITY
ELECTROSCIENCE LABORATORY
1320 KINNEAR ROAL
CoLUMBUS, OHIO 43212

LASER LINE FREQUENCIFS MuSY BE APRANGED IN
STRICTLY ASCENDING ORDER, 125 MAXINMUM, IF:
FEUFR YHAN 125. LAST LINE MUSY EE 0,0

OPTIONS 32K

LOGICAL ENDATALFIRST

DIMENSION IDATE(3)LBX(7),CX(7),TITLEA(Z)TITLEP(T)
DIMENSION YU1001)aVLINE(L12%)5PP(7)58(7)sM(7)0ITIM(3)
COMMON/Z/AD(J,2500 s NABS (2500 ,1F.15,16
COMMBN/A/PE(T ) oW{7),PLoA0sAL2A2.VLeVHLCAYY ,ALFAD(7)
COHHON/D/ENDATA-FIRST,NSU9(7’:NUVHR»CSI'CS?(7'.CA(7’.[S°'0P(7)
DATA 1Y2/1H /,BBUNN/20,0/-TENPD/296.0/,S5L0V/1F=267
DATA IYES/JINYES/S

DATA CX/ 062, -58.0v5.0.500.5'0.5.0-5/

DATA BX/1 .5'1,.0-1-501-0.’!-0"--5.!1-0/

DATA M/18,44448.44,28,16,32/

CALL FERR(O)

CALL CLoCK

NUMBER 18 THE TOTAL NUMBER OF SUSSTANCFS TO BE CANSIDERED. ([.F. FOR
CO2 AND H20 NUMBER EoQUALS 2)

NUMPLT 1S THE NUMBER OF PLATS THAT WILL BE MADE VITH CACH PLOT
CONTAINING AN [NCREMFNT OF 1000,#DELY]I WAVENUMIERS

WRITE(8,2000!
READ(E,=)NUMBR.NUMPILT
WRITE(8,3000)
READ(&,=) V1. LELV!
V2sV14NUMPLT*LELVI]
DELVI=DELVI/1000.

READ THE TBTAL PRESSURE IN TORR

WRITE(8,4000)
READ(B,-)PRESS
PPLOT=PRESS
PL=1000,
WRITE(8,6000)
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55 c
, 56 c READ TEMPERATURE IN DEG F
d 57 c
‘ 58 READ(8,~)T
59 983  TPLOTsT
{ 60 c
; 61 ¢ CONVERT TEMPERATURE T0 DEG K
62 c
63 TEMP273.245./9.%(T=32,) .
3 64 c
| 65 c GET ID NUMBER, [SOTOPE, PARTIAL PRESSUREs AND BROANENING
! 66 c COEFFICIENT FOR EACH ABSORBER,
} 67 [ oiA
68 WRITE(8,4100)
69 DO 400 1=5,NUMBR
f 70 VRITE(8,4900)]
71 READ(8,=)NSUB(1)
72 JuNSUB(1)
73 WRITE(8,4950)
74 READ(8,=1180T8P(J)
75 VRITE(8,5000)
76 c
77 c READ ABSORBER PRESSURE IN TORR
78 c
79 READ(8:=)PP(J)
80 WVRITE(8,5500)
81 c
82 c READ SELF BROADENING COEFFICIENT
83 c
84 READ(B,=)B(J)
85 400  CONTINUE
86 c
| 87 c REQUEST CONTINUUM INFORMATION, "
83 c ;
1 89 WRITE(8,6100)
90 READ(2.85S00) 1IN
91 IF(IIN,NE,IYES) GO T3 140
92 WRITE(8,620C)
| 93 READ(&,=)A0
94 LWRITE(8,5300)
95 READ(8,~)AlL
96 WRITE(8,6400)
97 READ(E8,=)A2 .
{ 98 WRITE(8,6300)
‘ 99 READ(8,=}VL,VH
100 G8 To 150
101 140  AQ=0.
i 102 Ale0,
103 A2e=0,
104 c
105 c GET TITLE INFORMATION FOR pLOTS
106 c
107 150 WRITE(8,4200)
108 READ(8,1011)TITLEA

170




[

-

e il

R
:
g
i.
y
3
-
!
E

100

111

1%
v 115
116

118
119
120
121
122
123
124
125
126
127
128
129
130
131

' 133
134
135
136
137
138
139
140
14}
142

144
145
146

148
149
150
151
152
153

155
156
157
158
159
160
161
162
163

o200

(s Ne Rl

OO0 a0

(3 Xy Nyl

310

e

READ(8,1011)TITLEP
RCQUEST LOCATION OF ARSORPTLION LINE DATA

VRITE(8,950)

WRITE(8,1100)

READ(8,1010)FILED

CALL ASSIGN(FILED.0,0.0)

WRITE(R.,9400)

READ(®- -INFILE.NRKD

NFILE=NFILE=-]

NRKDwNRKD=-} ’

REQUEST TAPE UNIT NUMBER FOR URIVING PLOT "TAPE.

WRITE(8,1200)
WRITE(8,1100)
READ(8,1010)FILEP

CALL ASSIGN(FILEPs0.0,2)
WRITE(8,1301)
READ(8,=)INPFILE
NPFILEwNMPFILE=~]

REQUEST LBCATION O8F LLASER LINE DATA,

WRITE(8,9500)
WRITE(8,1000)
READ(8,1010)FLEL
READ(8,1010)USERL

SHBULD PROGRAM BE RUN BFF=LINE?
WRITE(8,8700)
READ(8,8500) 1IN
1BAKEN=Q
IF(IIN.EG.IYES) IBAKGN™1
COMPUT. ABSBRBER CONCENTRATION(MOL*CM-2) FOR EACH ABSBRBER
D8 310 =} .NUMBR
JuNSUB(])
W(J)=9 ,A5T26E204PP(J)sPL/TENP
CONTINUE
COMPUTE EFFECTIVE PRESSURE FBR EACH ABSORBSR.
D8 300 Iw=1,NUMBR
JeNSUB(1)
PE(J)w(PRESS+(B(J}=1,)2PP(J))/760,
CONTINUE
COMPUTE Cs1i

CS1s{TEMPO-TEMP)/(TEMPB*TEMP*,6951)
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164
165
166
167
168
169
170
17
172
173
174
17s
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
20}y
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

o0

410
c
c
c

420
c
c
c

c

el o TR R T e e "‘"m?g{lm b catallug Lo Ll e b 2l s g SRt e

COMPUTE CS2 AND CA FAR EACH SUBSTANCE

Do 410 1=1,7
CS2(1)=({TEMPO/TENP) weagX (1)
CA{I)=(TEMPE/TEMP)#aCX{])

CONTINUE

COMPUTE DOPPLER HALF-WIDTK FOR EACH SUBSTANCE

D0 420 1=1.,7
ALFAD(1)=3,5812E--7+SQRT(TENP/N(]))
CONTINUE

PBSITINAN TAPES PROPERLY

REWIND O

CALL TPFILE(O,NFILE)
CALL TPRKD(O»NRKD)
WRITE(8,8800)

REVINE 2

CALL TPFILE(2,NPFILE)
CLBSE 2

WRITE(8,8900)

ENDATA= FALSE,

FIRST - uTRUE.

1ARI=1 N

CCCCC READ THE LASER LINES INTO VLINE FRON FILEL,USERL

c

110
170

500

OO0

D00

600

CALL CLSE(4)
CALL ASSIGN{FILEL,USERLs4)
08 110 JF=1,125
READ{4,8600)VLINE(JF)
IF(VLINE{JF).EQ.0.0)G8 T8 170
CONTINUE
CONTINUE
IF(IBAKGN,EQe1)CALL DEASSN
CALL ASNPLT(512,2,FILEP)
D6 700 N=1,NUMPLT

D8 500 1=1,1001

Y(1)=0,

CBNTINUE

8 600 1=1,1001

VaV14(1=1)*DELVIL

CALL DATA T8 HMAKE SURE THERE 1S ENOUGH DATA Te DO THE
CALCULATIBN,

CALL DATA(V.ROUND,V1,V2,1BAKGN,SLAY)
CALL ABSV83 T8 GALCUL'TE THE ABSBRPTION CBEFFICIENT.
CALL ABSVO3(V,BBUND)

Y(1)aY{])+CAYW
CONTINUE
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219
220
22)
222
223
224
22%
276
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

610

620

s Ne Nyl

630

Q00

640

OO0

OO0 0O00O00 >

59

210

Do 610 1=1,1001
Y(1)=ALOGIOLY(I))
CENTINUE

FIND BIGGEST Y(I)

YMAXm=1 E35

DB 62C 1=1,1001
IF(Y(1).CT.YMAX)YHAX®Y(])

CeNTINUE

ITYMAX®YMAX

IF(YMAX,GT.O) IYMAX®]YMAX+]

FIND SMALLEST Y(I}

YMIN=1.E35

De 630 [=1,1001
IF(Y(I)oLTLYMIN)YMIN=Y(])

CONTINUE

IYMIN®BYMIN
IF(YMIN.LTLO)IYMIN=]YMIN=]

SUBTRACT IYMIN FROM aLL Y(]?

Do 640 [=1,1001
Y(L)mY(I)=1YMIN
CONTINUE
TYMAX=TYMaX=TYMIN

NBRMALIZE Y FOR PLBTTING

De 650 I=1,1001
Y{I)®=6,5«Y(I)/TYMAX
CONTINUE

THE NEXT LBBP PLBTS THE CALCULATED DATA

FIRST A DIVERSIBN TO GET TKE PEN WRITING

CALL PLIT(0.0,=1.53)
CALL PLOT(4.C,=1,,2)
CALL PLOT(0,0,~1,,2)

Dé 59 IN=1,2001

X=0,0iw(IN-1)

YP=Y(IN)

IFUINGEQ.1ICALL PLOT(X.YP,J)

CALL PLOT(XsYP,2)

CONTIMUE

CALL PLOV(0,0,0.0.3)
IF(VLINE(IARS),6T.VI+DNELVI«1000, } GO YO 220
IF(VLINE{IAPI)EQ.0.NIGB To 220
IF(VLINE({TARL) JLT.V1}30 TO 215

X = (VLINE(TAR]) = Vvi)/DELVI/100,




274 CALL PLOT(X.0,0,2)
275 CALL PLOT(X.6,%,2)
276 CALL PLGT(X.OrOOS’
277 215  IARIsIAR1+41
278 Go TO 210
279 220 CALL PLAT(10e0,0..%)
280 CALL PL8T(0.56,5,3)
281 230 CALL PLOT(1040,6,5,2)
282 c
283 c PLOT TITLE INFORMATIAN
284 c
285 CALL SYMEALIO,.0ub.8,0.1«15HTEMP IDEG FI! .0.0s1%)
} 286 CALL NUMBER(!.50.9.8.0,1:.TPLBT.0.0.11
E | 287 CALL SYMBALID.0u7.0:0.0-15HANSUNT (TARRIE .0.0.1%)
g | 288 CALL SYMBALI1.50.7.0.0.1.T1TLER.0.0,42)
1 N 289 CALL SYMERLIN,D0.7.2.0.1.18HABSPREERS Y £0,0416)
| | 290 CALL SYHBALIL,50,7.2,0.0.TITLEA.(.0.42)
] 291 CALL SYMBOLI7.1.7.0.0.12230TOTAL PRESSURE (TORRIE ,0.0s 2:1
3 292 CALL CHANGE(PPLOTADUMI
g | 293 CALL SYMBALI(9.4,7.0,0.10UM=0.0,5)
h 294 CALL CETDATI(IDATE)
{ 295 CALL SYMBOL(7.1,7e2,0.1,1DATE,L0.0,9) :
3 296 c ;
] 297 cccce ‘ |
: 298 DYS=1YMAX/6,.5 }
: 299 SPC»1.0 §
‘ 300 XNT=100,*DELV] &
3 301 IF(XNT.LT,..7)SPCw2,0 ;
E 302 CALL AXIS{0.0,0.0,10HUAVENUMBER,-10,]0. o-o.o.vl.xnr.to.o. -1) 3
; 303 CALL AXIS{0.,040,051Y2,=1,-10.0+C.0,0,0,1+0,58PC,1) %
3 304 CALL FACTOR(0,S) o &
305 CALL AXlS(0.0.0.0-”2.-1:-20-.0.0.0.0.1.0.0.4.1) i
306 CALL FACTGR{(1,.0) 4
307 YPIN=10.%a[YHIN :
J0s CALL LSAXS(10,40,21Y2¢ =1.-605,90.0,YMINSDYS?
309 CALL LGAXS5(0.0,9.Ce15HARS, COEFF. (KM=11218,6.5,90.0,YMIN,DYS) o
310 CALL PLOT(12¢3,0.G,=1) 12
311 CALL PLOT(0,0,0.04999) i
i J12 CALL ASNPLT(512,2,FILEP) {
313 ViasV141000.+DELVY ;
J14 c
315 c WRITE MESSAGE IN MSG,3271A TELLING DATE AND TIME EACH
316 c CALCULATIBN WAS COMPLETED.
317 ¢
318 CLOSE 7
N9 CALL ASSIGM{AMMSE ,5HI271A,7)
320 CALL GETTIM(ITIM)
321 WRITE(7,9000IN,ITIN,[DATE
322 CLOSE 7
I 323 700  CONTINUE
i 324 CALL EXIT
{ 32s c
326 c FORMATS
i 327 c
328 950  FORMAT(® UKERE IS THE ABSORPTION LINE DATAZ2)
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329 9490 FORMAT(” ENTER TAPE START POINT: FILE NUMBER AND RECOGRD NUMBER®)
{ 330 9800 FORMAT(® UHERE IS THF {ASER LINE DATA?”)
F 33 1000 FORMAT{* ENTER FILE AMD USER NAME AN TUWG LINES.”/)
, 332 1010 FORMAT(AG)
ﬁ‘ { 333 1011 FORMAT(7A6)
b 334 1100 FSRIAT(? ENTER .MTO BR .MTI®)
3 335 1200 FISRMAT(? JHICK TAPE UNIT WILL PLAT DATA BE URITTEN ON2?)
3 336 1300 FORMAT(® ENTER NUMBER OF FIRST FILE T® BE WRITTEN.?)
! 337 c NUMBR OF ABS®REERS = NUMBR
:: 338 c NUMBER OF PLETS = NUMPLT
gr R 339 2000 FORMAT(? FNTFR THE NIIMRER O6F ABSARBERS AND THE NUMBER OF PLATS®)
k- 340 JO00 FORMAT(® ENTER THE RFECINNING WAVFHNUMBER®/
E 341 12 AND ThE UAVENUMBER/PLOT,.*)
i 342 4000 FORMAT(” ENTER THE TnTAL PRESSURE IN TORR,?)
| 343 4100 FORMAT(® ENTER D NUMRER, PARTIAL PRESSURE. AND BROADENING®/
ﬁ 344 1 * COEFFICIEMT FOR EACH AFSORIER,”/) .
1 345 4200 FORMAT(’ENTER ABSMRBER DESCRIPTIEN IMFERMATION ON TUWO LINES®?/
3 346 1 » 8F UP T6 42 CHARAGTERS EACH, THE FIRST LINE WILL®/
347 2 * APPEAR [MMENRIATELY To TWE RIGHT OF ARSARBERSE ,”/
343 3 * THE SECOND LIME WILL APPEAR TM THE RIGHT AF®/
349 4 * AMOUNT(TORR)® AND IMMEDIATELY BELOV THE FIRST LINE.”/)
350 4907 FORMAT(® ENTER ID NUMHER B8F ARSAFBER NOW?11/
351 1 # |=H20 2=CO2 T=A3 4%=N2A S=CH 6mCHA 7392°/)
3 352 4950 FORMAT(? FNTER NUMBER OF DESIRED IS3TOPE.%/
353 1 * IF ALL 1SBTePES #oE DESIRED ENTER J.°)
354 5000 FORMAT(? ENTER TRE APSBREBER AMOUNT [ TORR,?)
; 3ss 5500 FORMAT(* ENTER THE SELF=BR™ADENING COEFFICIENT.”)
l 356 5600 FORMAT(®? ENTER THE PaATH LENGTH IN METERS.®)
i 357 6000 FIRMATI® ENTER THE TEMPERATURE INM DEGREES F,*)
358 6100 FORMAT(® ©H YOU WISH A CONTINUUMZ®)
] 359 6200 FORMAT(® ENTER THE CAEFFICIENTS FOP TYHE PSLYNOMIAL®/
360 1 # KIVIEAG+ALeyap2avery, WLERE K IS IN KM=1 AND®/
361 2 # v 1S JAVENUMBER.”/
362 3 ? A0m 2y
| 363 6300 FORMAT(® al= *)
| 364 6400 FORMAT(® A2n ?) |
368 6500 FORMAT(® ENTER FREQUENCY LIMITS FO CeONTINUUNM, VL. AND VH?/)
366 3500 FORMAT(AJ)
367 8600 FORMAT({F12.0)
1 368 8700 FORMAT(” D8 YSU VISH Te RUN THIS PROGRAM IN BACKGROUNDZ?) !
369 8800 FORMAT(®THE LCATA TAPE IS P6SITIONED,?) '
370 8900 FORMATI(’THE PLOT TAPE 1S POSITISNED,”)
371 90N0 FORMAT({’PLOT *13° FINISHED AT 2343°, *34J)
372 -~ EMD i
373 c ’
374 c THE FOLLOWING SUSRSUTINE RFADS DATA FROM TAPE AND ;
375 c MODIFIFS IT FOR tJSE N THE PROGRAM. [T ALSS CHECKS BEFORE
376 c EACH CALCULATIBN IS MADE T® MAKE SURE THERE IS SUFFICIENT :
377 c DATA TO PERFOPM THE CALCULATION,
1 378 ¢
379 SUBRBUTINE NATA(V.BOUND,V1,V2,1BAKGN,SLOV) ;
380 LOGICAL ENGATALFIRST ;
381 COMMBN/Z/AD13,2500),%ABS(2500).1Fs15,16 ;
382 COMMON/G/ENDATALFIRST.NSUB({7),NUMEBR,CS1sCS2(7)1,CA(7),1S8TCP(7) a
%
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383
384
385
RT.TY
387
388
38¢9
390
391
392
J93
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
41}
412
413
414

415

416
417
418
419
420
421
422
423
424
425
426
427
azs
429
430
433
432
433
434
435
436
437
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€
c IF TKIS Is THE FIRST TIME THIS SUSROUTINE HAS BREEN CALLED
¢ GO IMMEDIATELY To INPUT.
c
IF(FIRST)IGcO To 500
c
c IF THERE IS ENOUGH DATA IN AC(J,K) AND NARS(K) T& PERFORY
c THE CALCULATION AT TWIS FREQUENCY, 8K IF THFE END OF THE
c AFCRL DATA TAPE HAS REEN REACKED, RETURN.
c .
IFCCADIL121H) «GT(V4BOUND)) BR.ENCATA)RETURN
¢
. IF MOKF DATA IS NEEDED T@ PERFORM THE CALCULATISN AT TH!S
¢ FREQUFNCY, FIRST MOVF THE DATA IM AD(J,K) AND MABS(K)
c WHICKF 1S STILL NEEDED FROM HIGH K Ta LAW K.
c
[of of of of of ¥ of of of o o' of o1 o] of of o] o o of o of of of O of o of of of of o o3 o o o{ of

DO 100 [=lHel,s=1
IF(AC(1,1).LT,(V=BOUND)IGS TO 200
100 CONT INUE
200 Isl+}
K=
DO 400 J=1,IH
pe 300 Ma}l,3d
AD(M,K)=ADI(M,J)
300 CONTINUE
NABS(K)=NABS(J)
KeK+1
400  CONTINUE
G0 Tov 600
(o o7 of o o1 oF of o o of of o o] o o4 o3 o3 ™1 o1 o1 of o] of of s ] o1 o1 o of of o 1 o1 of o1
500 Kei
FIRST=,.FALSE.
VLOUsV]=BOUND
VHIGH®YV2+50UND
Go 1O 500

NOW READ THE DATA INTO AD(JsK) AND NABS(K) UNTIL AD(J.K)
1S FULL B®R ENOLIGK DATA HAS BEEN READ T8 COMPLETE ALL

THE DESIRED CALCULATIONS OR THE END OF THE AFCRL DATA
TAPE HAS BEEN REACHED,

FOR AN ABSORPTION LIMFE K, AD(1,K) 1S Th. FREGUENCY,
AD(2,K) 1S THE LINE STRENGTH, AD(3.K) 1S THE F:LF=UIDTH,
EPP IS ENERGY OF THE LOWER STATE BF THE TRANSITION,
ISTOP IS THE ISOTUPE IDENTIFICATION, AND NARS(K)

1S THE SUBSTANCE IDENTIFICATION NUMBER,

CLOSE O
READ(G»1000,END=S90)AL(1,K)2AD(2,K),AD(3:K),EPP,ISTOP,NABS(K)

[« N~

DOES THIS LINE HAVE A LBWER FREOGUENCY THAM IS NEFDED
FOR THE CALCULATION, B8R IS THE LINE STRENGTH TAO LOU?Z

COODDCADDOOODODDDODOOOODOOD

TIF((AD(15K) oLTo(V=BOUND))aOR.(AD(2: 1)L T.SLOW))IGO TO 600

176

R Ll ks

g T RO [ I




A e i e i e i it e o

.

438 ¢

439 c IS THIS THE END @F YVE DATA TAPE?

440 (o]

441 IF(AD(1.K)EQ,12075.863)G0 T8 79C

442 c

443 c DOES THIS LINE HAVE A HIGHER FRECUENCY THAN I3 NFEDED
444 o FOR THE CALCULATION?

445 C

44¢ IFCAD(1.K) oGT VHIGH)IGO TO 880

447 c

4438 c IS THIS SUBSTANCE Y0 BE CONSIDERED [N THE CALCULATION?
449 [d

4590 690 D8 700 I=1,NUMBR

451 IF(NSUR(I).EC.NABS(K)IGO Ta 800
452 700 CONTINUE
453 710 IF(.NET.ENUATAIGO TO 600

454 GO YO 890

455 790  ENDATAn,YRUE.

456 GO 1O 690

457 800  JuNABS(K)

458 c

43¢ ¢ IS THIS ISGTOPE 1@ BE CONSIDERED IN THE CALCULATION?

460 c

46] IFCISOTOP(J)EQ.0)G2 T8 810

462 IF(ISBTEP(J).NE.ISTOPIGE Te 710

463 c

464 ¢ CORRECT THE LINE STRENGTH FOR TEMPERATURE.

465 c

466 810  AD(2.K)=AD(2,K)*CS2(J)«EXP(=EPPCS1)

467 c

468 c CORRECT THE HALF-WJDTH FOR TEMPERATURE.

469 c

470 AD(3K)=AD(3,K)nCA() .

474 IF(ENDATA)G® T8 900
| 472 KeK+1

473 IF(K.LE.2500)68 TO 600

474 GO T8 A9n

475 880 ENDATA=,TRUE. .

476 890  KaK-} 3

g 477 906 IHmK 3

| 478 15}

479 16=}

480 c

481 ¢ IF PREGRAM IS ON~LINE TYPE MESSAGE ON THE TELETYPE THAT ;
‘ 482 ¢ DATA HAS BEEN READ [N. , i

483 c v
I 484 IF(I1BAKGN.EQ.O)WRITE(8,2000) 1

485 RETURN
i 486 10C0  FORMAT(2E10.4,F5.3,F10.3,38X+14,13) ;
] 487 2000  FORKAT(®SNE SEYT BF DATA HAS BEEN READ,.?) ]

488 END ) } , %
1 429 CCCCCCCCCCCCCCnrCCCCCCCCCC'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCPCCCC ;

490 c |

491 . ¢ THE FOLLOWING SUBROUTINE CALCULATES THE ABSARPTISN 7

492 c COEFFICIENT. ]

S
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! 493
494
495

497
{ 498
499
500
501
502

533
534
538
536
337
538
539

{ 540

541
542
543
544
545
! 546

e NeNeNeNy]

(e NeNe Nyl OO0 e NeNvNel

[+ NeNeNeNeNe Ry

s NeNel

SUBROUY INE ABSYO3(V,ROUND)
COMMAN/Z/3D(3,2500),4485(2500),1k»15,16
COMMON/A/ZPE(T ) aU(7)afL:AD0A s AR, YLLVHICAYU,ALFAD(T)

THE FBLLAUING LOGPS NETFRMINE UNJCH ABSORPTION LINES
WILL BE USED TO CALCULATE THE ABSORPTION COFEFFICIENT AT THIS
FREQUENCY,

DO 20 I=15,1H
1F(V-BOUND=AD(1,1))10,10,20
15=1
G0 T8 30

CONTINUE

D68 50 Kel6,IH
IF(V+BOUND=AD{1,K))40,50,50

CONTINUE

16=K=1

CAY1=0,0

CAY2=0,.0

CAY-OOO

ON2=ALOG(2.)

DN1sSGRT(DN2)

THE FOLLOWING LOAP SUMS THE CONTRIBUTIONS FRON ALL THE
ABSORPTION LINES.

Do 80 I=15,16
JENABS(T)
Y®ABS(V=AD(1,1))

CORKECT THE DOPPLER WALFWIDTH FOR FREGUENCY,

ALFD=AD(1,1)«ALFAD(J)
XVeDN1»Y/ALFD

THE FOLLAWING STATEMENT CORRECTS THE LORENTZ HALF-=UIDTH
FOR PRESSURE.

ALFL=AD(3, 1) *PE(J)

IF THE ABSOPT7IAN LIME IS FAR AUAY FPOM CALCULATION
FREQUENCY, USE LOPENTZ SHAPE REGARDLESS OF PRESSURES
BUT IF LARENTZ HALF-uIDTH 1S LESS THAN FIVE TIMES THE
DSPPLER W[Dihs USE THE VAIGT LINK SHAPE. OTHERWISE
USE THE LBRENTZ SHAPE

IF(XV.GR.300,) GO 7O 59 .
IF(ALFL/ALFD,GE.5.)G0 To 59
YVeALFL/ALFDeDNY

CALCULATE THE VOI6T SHAPE

SUHS-AD(Z-I)tU(J)-DNlI(SQRT(3.141592)'ALFD)'VOIGT(XV.YV)
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i
547 CAY™CAY+0,.3183+5UA3 i
, S48 GO T8 a0 I
1 549 59 IF(Y=3.160,60,70
550 c
551 ¢ CALCULATE THME LORENTZ LINE SHAPE FBR V NEAR LINE CENTER
552 c
! 553 60 sunx-Antz.r)-An(J.r)/(v-VoAD(s.r)-An(s-l)-pE(J)-PE(J)) !
554 SUMI<SUMLI*PE(1)el(J)*0.3183
555 CAY1=CAY14SUM] ;
1 556 Go T8 80 |
557 c
558 c CALCULATE THE LORENTZ LINE SHAPE FOR V FAR FRAM LINE
" 559 c CENTER, IGNORING THE HALF=-ylIDTH SGUARED TERM IN THE
{ 560 c DENGMINATOR FOR INCREASED CALCULATISN SPEED,
{ 561 c
1 562 70 SUM2EAD(2,1)%AD(3, ) /(YY)
563 SUM2=SUM2PE(J)aU(J)*0.3183
564 CAY2=CAY24SUN2
L h 565 80 CONTINUE
' 566 ¢
] 567 o SUMMATION OVER AtLL LINES. o
; 568 o
: 569 CAYWUSCAY14CAY24CAY
570 c
571 c THE FALLAUING ALLAUS & CAMTINUUM MHICH IS & FUNCTIAN aF
572 c FREQUENCY T8 BE ADDED T& THE LACIL LINE ASSARPTIAN SPECTRUN,
573 c THE PALYNBMIAL UHICH EXPAESSES THE CANT[NULm 19 KiV). UHERE
574 c K IS IN KH=1 AND V 18 UAVENUMBER, THE TERM PLw1E=3 CANVERTS
575 c KM=1 T8 H=1,
576 c 1
577 TF((V.LToVL) «OR.(V.GT.VH) )RETURN
578 CAYU=CAYWH(ACHALaVIAZ#Y oY )aPLaY E=3
579 RETURN
580 END A . i F
581 cccccccccccccccnccccccccccrcccccc0cccccccccccCCCCnCnccnccccccccncccccc 3
582 c ¢
583 c THE FOLLOWING SUBRHUTINE PRINTS CATE AND TIME ON THE TELETYPE, '
584 5 ;
585 SUBROUTINE clLeck %
586 [ L
587 c s
i 588 DIHENSION ITIME(3),[DATE(D) :
589 CALL GETDAT(IDATE) :
590 CALL GETTIM(ITIME) 1
591 WRITE(8,10)IDATE,ITIME §
592 10 FOBRMAT(® DATE *3A3* TIME *3A3/) ;
593 RETURN
| 594 END
1 595 cccce
¢ 596 c SUBRELTINE CHANGE FOR F10.4 To A5 CANVERSION
4 597 c FOR NUMBERS IN THE RANGE 9999,99¢9 Ta ,0001
598 c
599 SUBROUTINE CHANGE(FNUM, AS)
600 INTEGER FIVAL(5),A10(10),SCR(4) ]
601 c j
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E
3
|
E
3
%
=
3

.

602

645
646
647
648
649
650
651
652
653
654
655
656

e NeNe)

(e NeNel

100

OO00

1000
2000
30C0
4000

s NeNeNe Ny

200
203

1
2
3
4
5
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FIND DECIMAL POINT LSCATIAN. LOC VILL BE NUMBER &F
DIGITS Tn LEFT OF DEC IF POSITIVE.

LOC=ALOGIC(FNUM) +1.00001

LFTLOC=5=-L08C

IF(LFTLOC.GTWSILFTLOCSS
ENCEDE(10,1C00Q,SCRIFNUM
DECODE(1C,20CG+SCR)ALD

PUY THE 5 CESIRED CHARACTERS INTE FlyAl

D0 100 [=1,5
JeLFTLOC+]

FiVartlisalo(Jy

CONTINUE

CHANGE FROM SA1 TO AS

ENCODE(6,300C,8CRIFIVAL
DECODE(6,4000,SCR)IAS
FORMAT(F10.4)

FORMAT(10A1)
FORMAT(5AL)
FORMAT(AS)

RETURN
END

THE FOLLOWING SUBROUTINE EVALUATES THE VOIGT PROFILE

EXPRESSION,

SUBROUTINE WAS PROVIDED BY CHARLES YOUNG.

FUNCTION VOIGT (XIN,YIN)
DIMENSION RA(Z2),CA132),RB132),CP(32),9(44),AK(5)sAM(5),DY(4)
1,HH(2)2XX(2)2A(42)

DATA HH

/.8045141,.,8131283E-C1/,XX /.5246476,1.650680/,A

7005 02sCes=elRd,0,.0, -1558"0-05'.|2166430000 «B770B16E=1,0.04"e5
8514128=1,0, 5,,.3821573E=120,0s=0C0CP4076E=100eMpelt190601E=150.00~
e50823100E=2.CeCroeR48763F 25040 0o=,1173267E=2+s0,0,,4899520E=35C.0C
2= 163362 E=3¢0.05e7228775E=4,0,.05=,2565551E=4,0.00.8662C74E=5,0,
Go=e2787638E=34C,00e8566874E=6,0,0,-.251B434E~%»6405+7093602E=7/

X=XIN
Y=YIN
X2=xeX
Y2syeY

IF (X=7.) 200.20'520[
IF t(Y=-1,) 202,202,203

RA(1)=0,
CAl1)=0,
RB(1)=],
CB(1)=0,
RAL2) =X
CAl2)=Y

RB(2,=,5-X2+Y2
CE(2)==2,aXeY
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! 657 CBi=CB(2)
1 65a Uvisp,
659 D8 25C J=2,31
660 JMINUSRJ =1
i 561 JPLUS=J+1
662 FLOATI™JMINUS
663 RB1=2.#FLBATJ+RB(2)
664 RALa=FLOATI#(2,0FLOAT)=1,.)/72,
) 665 RA(J+1)mREL4RA(J)~CBI*CA{J)*RALeRA(J=1)
666 CALJ+1)aRBIaCA(J)+CRI*RA(JI+RAL*CA(JHINUS)
M 667 RE(J+11=RB1aPO(J)=CRI2CB(JI*RA 1eRB{J=1)
{ 668 CBIJ+1)uR21eCB(JI4CB1 *RB(J)*RALI#CB(J=1)
669 UV=(CACJPLUS)«RB(JPLIIS)=PAIJPLUS)*CB(JPLUS) )/ (RB(JPLUS) v 92+
! 670 1 CB(JPLUS)I*CR(JPLLS))
671 IF{ABSIUV=-UV])=1 E~61251,250,250
672 250 Uvisyv
673 251 VOIGT~UV/1.772454
674 RETURN
675 202 IF(X-2.)301,301,302
676 301 AINT = 3,
677 MAXmM12 ,+5,9%2
678 KMAX=MAX =1
679 Ko=Q
680 D8 J0J KakO,KMAX
681 AJRHAY <K
682 303 AINTERAINT#(=2,4X2)/(2,4A 41041,
1 683 U==2.#X*AINT
684 6o T 304
685 302 IF (X=4.5) 305,306,306
686 305 3(43)=0,
F 687 3(44)=0,
1 688 J=42
4 689 DO 307Ke1,42 E
E | 690 BlJ)m.daXaB(J41)=B(Js2})+A(JT)
691 307 J=J-i
: 692 u=B(J3)=B(1)
‘ 693 G8 TO 304
; 694 306 AINT=1,0 ;
: 695 HAX=2,440,/X g
y 656 AMAX=MAX i
| 697 DO 308 Kx1.MAX
698 AINTEAIN T+ (2. 04AMA =]} /(2,0X2) 41,
699 308 AMAX=AMAX-1, '
700 JE=AINT/X i
701 J04 V=1 ,7724544EXP(~X2)
| 702 H=,02
703 Jh=y/H
704 IF(JM)310,311,310
5 705 J11 Hmy
- 706 310 2=0,
707 L=Q
708 DY(1)=0,
709 312 DY(2)=-H/2,
710 DY{3)=Dy (2}
711 DY(d)=n

S
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712 318 AK(1)=0,
713 AM({1)=0,
714 DG 313 Jwi,4
715 YY=Z+DY(J)
716 UUsy+ ,S5+AK(J)
717 VveVe SeAM{)]}
718 AK{J+1)m 2 a{YYaUUsXaVV)eH
719 AM{Je1)m=2, 4] +X2UU=YYoVV)*H
720 [F{J=3) 213,214,713
721 J14 AK{4)m2 0AK(4)
722 AMG4)=AM{4) +AN( 4
723 313 CONTINUE
724 Zm2+H
725 L=l +]
726 UmU+ 1566667 *(AK({2)+2,#AK(J)+AK( L) +AK(5))
727 VEY 4 1665667 (AM(2)+AMIZ)I+AMII)I ¢AM4)+AM(S))
728 (FEJM) 315,32G,315
72% 315 [F(L=JM) 318+317,327
730 317 AJMmJM
731 HaY=AJHoH
732 GO 76 J12
733 J20 VO1GT=v/1,772454
734 RETURN
738 201 FimQ,
736 ne 330 J=1,2
2 737 330 FIFR4HHIJI/Z LY 24 (XXX JD)#(X=XX{ID D D4HHEINZ (Y24 (X4XXE LD D # (X+XXL{TD)
738 Y o
739 VOIGT®Y#F1/3.1415927
740 RETURN
741 END

et e S St
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APPENDIX C
OPTICS DESIGN PROGRAM LISTING

Fo S, MNILLS NOVEMIER 2,1972
Fm101
LASER SPOT S1Z2fr PROGRaM

THIS PROGRAM USES THE EGUATINNS ON WHICH THE fOLLINS
CHART IS HASED, RLFERENFE: Se Ae COLLINSs URer
APPL. OPT. 3¢ 1263(1964)

THIS PPOGRAM CALCULATES THE SPOT SIZ2E FOR A PLANE-
SPHEKICAL RESOMATOR, UP T0 3n FOCUSING MIRRORS OR LENSES MAY
Pe PLACEO ANYWMEHRE, THE ouTPHT OF THE LASER IS

CONSIDFREU To PE FROM THE Si™'TRICAL MIRKQR.

DISTANCES ARE SPECIFIED WITH RESPECT TO THE PLANE MIRROR,
THE USER SPECIFIES THE RAUIUS UF CURVATURE 0~ THE OuTPUT
MIRRORs ITS INNEX OF REFRACTIONe THE MIRROR SEPARATION,

ANO THT LOCATINM ANO FOCAL LEMOTH OF THE FOCUSING

ELEMENYS,

WHEN ALL PARAMFTERS ARE SPECIFIEOes THE PROGRAM WILL

TYPE *ENTER LOCATION®

AND THE USER TYPES THE LOCATION OF A POINT OF INTEREST

WITH RESPECT Tn THE PLANF MIRRUR OF THE |ASER, THE PROGRAM
TYPES THE SPOT SIZE AND THZ NDISTANCE TO THE FoCUS

OF THE BEAM, THE PROGRAM THEN TYPES YENTER LOCATION® AGAIN
aAND THE USER MAY PROCEED,

DIMENSION BI(12)42M1(12},2M2(12)FM(10)

CALL ESC(s10)

ZM1{1)=0.

ZM2(1)=0.

WRITE(B+20)

FORMAT(/*LASER SPOT SIZE PRCGRAMY///

1*ENTER QUTPUT MIRROR RADIUSs INUEXe MIRROR SEPARATION'/)
READ(B8+=) BlespheZ4l(2)

WRITE(8435)

FORMAT(*ENTER WAVELEMGTH'/)

REAO(B+=)WAVE

WRITE(H+25)

FORMAT('eNTER NUMBER OF ELEMENTSY/)

READ/S+=)N

00 33 I=14N

WRITE(B+30)1

FORMAT(*ENTER POSITIONs FOCAL.LENGTH OF ELEMENT NOs °*
1.12/)

READ(Bv=)ZMLI(T+2}sFM(T)

CONTINUE

A1 IS OUTPUT MIRROR RADIYS OF CURVATURE

RN IS INDEX OF REFRACTION OF OUTPUT MIRROR MATERIAL
Zm1(2) IS MIRRNR SEPERATION

Zml 18 PUSITION OF FUCUSTING mIRROR OR LENS

WAVE IS THE WAVELENGTH OF THF LASER

FM IS FOCAL LEMGTH OF FOCUSIMG MIRROR OR LENS
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e

e

56
57
58
59
60
61
62
M1
64
695
66
67
68
69
70
7
72
73
™
75
16
77
78
79
80
[}
82
83

as
86
a7
1]
89

91
92
93
%
935
96
97
98
99
100
101
102
103
104
109
106
107
108
109
110

o000

o0 o0 o000 (9 Xe XgJ o0

o0 o0

o000 ~NrOOOO & o0 o0 (g Nal [ Nl
(- -3 (-]

THE INTERSECTION POINT OF THF Hzpl LINE aNO THE
CONSTANT OISTAMCE CIRCLE DESCRIBEO BY 2z21 Is GIVEN
RY THE COORDINBTES
N1=SORT((14/2./72ZM112))%82=(1,/81=10/24/2M1(2))002)
v1=1,/01

THE 3 CIRCLE WHICH ALSO INTERSECTS THIS POINT IS GIVEN BY
BI{1)=(X1ee24Y1#¢2)/2,/X1

THE OUTPUT MIRROR ACTS LIKE A NEGATIVE LENS OF FOCAL
LENGTH FlzeBl/(RN=1,)
F15«B1/(RN=1,)

THE LENS EFFECT OF THE MIRROR CAUSES Y1 710 BE DECREASEQ
AY 1./F1s X1 REMAINS THE SAME, JUST OUTSIOE THE MIRROR
xa2sx1

Y2:Y1=1,/F1

THE NEW B CIRCLE IS GIVEN BY
Bri2)six2ee2+Y28%2)/2,/x2

THE NEW 2 REFERENCE IS GIVEN BY
2M2(2)2Y2/7(X29424Y2%%2)
no 40 I=1,4N

AT THE FOCUSING ELEMENT. ALPHA IS GIVEN RY
ALPHASATAN(2,#(ZM1(T42)=2M1 (T141)4ZM2(141))¢BI(141))

AT THE FOCUSING E..EMENT THE Y=VaALUE IS GIVEN BY
YMSBI(I41)eSIN(2vALPHA:

ANO THE XeVALUE IS
XM=EZ 241)4BI(141)¢COSI2,0ALPHA)

THE FOCUSING ELEMENT OECREASFS YM BY 1,/FM
YMEY4=1,/FMIT)

THE NEW B CIACLE IS GIVEN BY
BI(I+2)=(XMee24YME22)/2,/XM

THE NEW 2 REFERENCE IS GIVEN BY
ZM2(T42)=YM/(XMEE24TYMERD)
CONTINUE

THE CALCULATION PORTION STARTS HERE

WRITE(8470)
FORMAT(/*ENTER LOCATION®)
READ(Be=)2

CHECK TO SE% WHIRE IN THE OPTICAL SYSTEM Z IS
Mz=N+1

Do 75 I=14M
IF(2.,6T7T,2M1(1+41})GO TO 75
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111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

c0 TO0 76
5 CONTINUE
: .
¢ ALPHA IS GIVEN B8Y
76 ALPHAZATAN(2%(2=2¥1(1)42ZM2(T)) e8I (1))
¢
c y IS GIVEN BY
X=BI(I)+BI(I)#COS(2,%ALPHA)
¢
o THE SPOT SIZE€ IS GIVEN BY
XGSSORT (WAVE/3,1415926/X)
Z2=(2=ZML(T)+ZM2( 1))
WRITE(B80)IX047
80 FORMAT(*THE SPOT SIZE IS ¢,611.4,/¢THE FOCUS IS 12611, 4,

1'UNITS AWAY?Y)
GO0 TO &0
EnDS
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APPENDIX D
MASS SPECTROMETER MEASUREMENTS OF HDO CONCENTRATION

A small mass spectrometer residual gas analyzer was used to
monitor the concentration of HDO relative to H20 in the absorption
cell. First the mass spectrometer was baked out using a heat Tamp
and heating tape to remove as much residual water as possible,
After baking, the pressure in the mass spectrometer system was
10-8 torr. Next a sample of water containing 6.22% HDO was
admitted to the absorption cell by completely evaporating a
small amount of the enriched water contained in a bottle, and
nitrogen was added to a total pressure of 760 torr. The sample
was allowed to mix for one hour, and then a mass spectrum of the
sample was recorded. The portion of this spectrum between 16 and
19 is the bottom curve in Fig. 75. The sample was admitted to
the spectrometer through a small leak valve and continuously
pumped out through the diffusion pump. The spectrum was recorded
at a pressure of approximately 10-5 torr. In Fig. 75 mass number
16 corresponds to oxygen, 17 to OH, 18 to H20 and 0D, and 19 to
HDO.

Next the absorption cell was closed off from the mass spectrom-
eten, and the sample was allowed to remain in the cell and mix over
night. During this time the mass spectrometer was again baked out
in orcer to remove the residual water from the first sample. After
baking, the mass spectrometer was again at a pressure of 108 torr,
The next day another mass spectrum was recorded the same way as the
first. The portion of this spectrum from mass number 16 to 19 is
the top curve in Fig. 75.

The amplitude of the peaks at mass number 18 and 19, cor -
responding to H20 and HDO. is greater in the second spectrum than
in the first. However, in both cases the ratio of the amplitude
of the peak at 18 to the amplitude of the peak at 19 is about 10
or 12. Therefore the ratio of HDO concentration to H20 concentration
did not change although 20 hours elapsed between the time the
first spectrum was recorded and the tim> the second spectrum was
recorded. The conclusion then is that the absorption cell walls
do not absorb one water isotope more than the other.
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It was not possible to determine the absolute concentration
of HDO compared to Hp0. It was only possible to determine that
the concentration did not change while the sample was in the
ceil. The absolute concentration must still be determined from
the amounts of D20 and Ho0 used to mix the water sample, and the
known equilibrium constants.
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Fig, 75.
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Mass spectrum recordings of HDO concentration,
Bottom curve, one hour after filling absorption
cell, Top curve, 21 hours after filling
absorption cell,
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Rome Air Development Center

RADC is the principal AFSC organization charged with
planning and executing the USAF exploratory and advanced
development programs for information sciences, intelli-
gence, command, control and communications technology.,
products and services oriented to the needs of the USAF.
Primary RADC mission areas are communications, electro-
magnetic guidance and control, surveillance of ground
and aerospace objects, intelligence data collection and
handling, information system technology, and electronic
reliability, maintainability and compatibility. RADC
has mission responsibility as assigned by AFSC for de-

" monstration and acquisition of selected subsystems and
systems in the intelligence, mapping, charting, command,
control and communications areas.
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